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GaAs digital circuits are of interest because of their higher speed and lower
power dissipation relative to silicon, their broader temperature range of operation, and
their greater radiation tolerance. These factors make GaAs circuits very attractive for
many military applications. There is a growing commercial market for digital GaAs as
well, mainly in the area of high speed supercomputers. Future applications will
develop around the basic compatibility of GaAs with MMIC and optoelectronic devices.

Digital systems invariably require large amounts of memory, preferably
integrated on the same chip with the processing elements. Recent studies of computer
architecture for GaAs show that the speed advantage of GaAs microprocessors is
severely compromised by the need to go off-chip for memory access. This is
especially true since the off-chip/on-chip cycle time ratio is larger for GaAs circuits than
for silicon (in other words since GaAs systems are running faster than silicon, a long
wait for off-chip access wastes more cycles in a GaAs system than a silicon system).
This intensifies the need for fast , dense on-chip memory for GaAs digital systems. The
one transistor dynamic RAM (DRAM) is the smallest, most dense semiconductor
memory available. The availability of high density DRAM arrays in GaAs will have an
enormous impact on the performance of GaAs digital systems by reducing the need for
off-chip access, thereby directly improving the performance of the system as a whole.

We have investigated use of pn-junctions as the storage capacitor for GaAs
DRAMSs. During the course of this work the charge storage times of isolated GaAs pn-
junction storage capacitors was increased from 20 minutes to over 10 hours at room
temperature. This was accomplished through a combination of improved epitaxy,
device processing, and device structure. Furthermore complete DRAM cells were rl ;
demonstrated using JFET-, MESFET-, MODFET-, and HBT-access transistors. The ; 8

details of the charge storage pn-junction capacitor and the transistor-accessed DRAM ...
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Molecular beam epitaxy regrowth by use of ammonium suifide

chemical treatments

M. R. Melloch, M. S. Carpenter, and T. E. Dungan

School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907

D. Liand N. Otsuka

Materials Engineering, Purdue University, West Lafayette, Indiana 47907
(Received 25 October 1989; accepted for publication 28 December 1989)

The application of ammonium sulfide chemical treatments for molecular beam epitaxy
regrowth is examined. Reflection high-energy electron diffraction, transmission electron
microscopy, and capacitance-voltage profiling techaiques are used to investigate the regrown
interface. A slight enhancement of the electron concentration is seen at the regrown interface
due to the incorporation of residual sulfur atoms as donors. The amount of residual sulfur
donors is a strong function of the substrate temperature at which regrowth is initiated.

Several molecular beam epitaxy (MBE) regrowth tech-
niques have been investigated during the past few years.'™®
The major difficulty encountered in (MBE) regrowth is that
GaAs surfaces exposed to atmosphere oxidize. This oxida-
tion of the surface of a MBE-grown fiim results in a high
density of interface states upon MBE regrowth even though
the surface oxide is thermally desorbed before initializing
growth. The regrowth technique which has met with the
most success consists of deposition of an arsenic layer as
passivation before removal of the sample from the MBE sys-
tem.'* However, the arsenic layers are not adequate for per-
forming processing steps but only as protection when trans-
ferring samples between vacuum systems. ' The arsenic can
then be thermaily removed leaving an as-grown surface.**"!
Also, no matter how robust the passivation layer, if the pro-
cessing step between growths exposes material below the
passivation layer, some treatment of the exposed material is
required to allow for the formation of an adequate electrical
interface upon regrowth. A versatile regrowth procedure
would allow growth of a MBE film structure, removal of the
wafer from the vacuum system for an intermediate process-
ing step such as patterning of the film, and then regrowth of
MBE layers on the patterned lower MBE layers. Such a re-
growth process would open the possibilities for many new
device structures'” if the regrown interface was of adequate
electrical quality.

A number of chemical treatments have been demon-
strated which remove surface oxides while at the same time
reduce the surface state density of an exposed GaAs sur-
face.'™ X-ray photoelectron spectroscopy (XPS) has
shown that two of these chemical treatments, with ammoni-
um sulfide or selenium reactions, result in a removal of sur-
face oxides with at most a monolayer of sulfur or selenium
remaining on the surface.?'-** With a complete removal of
the surface oxides, a reduction in surface state densities, and
at most a monolayer of sulfur or selenium on the surface,
these two chemical treatments are promising candidates for
MBE regrowth. Recently Carpenter et al.* have demon-
strated MBE regrowth on ammonium-sulfide-treated GaAs
surfaces and Turco et al.*® have demonstrated MBE re-
growth on GaAs surfaces which have undergone selenium
reactions. In this letter we present reflection high-energy

clectron diffraction (RHEED), transmission electron mi-
croscopy (TEM), and capacitance-voltage (C-V) profiling
characterization of the regrown interface which resuits
when the ammonium sulfide chemical treatment is utilized.

The MBE regrowth experiments were performed in a
Varian Gen II MBE with 2 in. n-type GaAs substrates. Non-
indium mounting was used for ease of remounting of the
substrates and also so the samples would not need tc be heat-
ed before reinsertion into the MBE system. Initially 1.5 zm
of n-type GaAs doped 2 X 10'* cm ~* was grown. The sample
was then removed from the MBE system and placed in a
laminar flow hood for 1 h to insure oxidation and degrada-
tion of the surface. Next, the sample was placed in de-ionized
water while an etch of 1:1:250 H,SO,:H,0,:H,O was pre-
pared. The sample was then etched for 30 s followed by a de-
ionized water rinse for 30 s. The sample was then placed in
ammonium sulfide for 20 min. Following this soak, the am-
monium sulfide solution was diluted with de-ionized water
and the sample rinsed thoroughly. The sample was then
blown dry and reinserted into the MBE system.

Since XPS measurements indicate less than a monolayer
of sulfur coverage and no other contaminants, no contam-
ination of the MBE growth chamber was expected. How-
ever, we outgassed the sample at 350°C for [ h in a high
vacuum buffer chamber before insertion in the growth
chamber of the MBE system.

The reflection high-energy electron diffraction
(RHEED) pattern of the ammonium-sulfide-treated GaAs
samples observed as the sample was heated 10 growth tem-
peratures is displayed in Fig. 1. (The sample was under an
arsenic flux during the RHEED observations. ) Initially the
RHEED pattern was somewhat spotty with only a hint of
surface reconstruction. At 530°C there was a dramatic
change in the RHEED pattern. The main RHEED lines be-
came streaks followed by an appearance of a twofold recon-
struction in the [ 110] azimuth. It is possible the submono-
layer of sulfur was starting to evaporate at this temperature,
allowing the GaAs surface to reconstruct. [This interpreta-
tion is consistent with the low-energy electron energy loss
spectroscopy (LEELS) observations of Oigawa et a/.*” who
determined that the sulfur atoms are removed by heat treat-
ments above 330 °C.} Above 580 °C the fourfold reconstruc-
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350°C 400°C
[110] [110]
530°C 530°C
[110] [110]
600°C 600°C
[110] [110]
FIG | Reflecnon ingh-energy diffrachion pattern of o GaAs surface treat-
ed with ammaonmum sulfide as the sampic i+ heated under an arsenic flux.
tion hnes i the | 110} azimuth became clearly visible, with
the twofold reconstruction lines i the | 110] azimuth dim-
ming somewhat in comparison to the main lines. This

RHEED behavior was observed on three separate wafers
which were treated with the ammonium sulfide.

Upon initating growth of GaAs on the ammonium-sul-
fide-treated GaAs samples at 4 substrate temperature of
600 °C. the reconstruction Imes in the [ 110] azimuth bright-
ened. but the pattern was not unlike the pattern of the am-
monium-sulfide-treated surface at a ~ubstrate temperature
near or shightly higher than 540 °C  Also. oscillations were
observed 1n the specular spot of the RHEED pattern upon
inttlating growth, indicating two-dimensional nucleation of
the GaAs on the ammonium-sulfide-treated GaAs surface.
The regrown GaAs layer was 0.5 um thick and doped n type
at a concentranon of ~2> 10" ¢m
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Using a mercury probe, the samples were C-¥ pronieq.
From the C-¥ data, the apparent carrier concentration as a
function of distance from the surface was determined as dis-
played in Fig. 2. The measured carrier concentrations in the
epilayers of 2.5% 10'® cm~? are very close to the targeted
value. However, there is a slight accumulation of electrons
near the interrupted growth interface with a peak concentra-
tion of 5.7 X 10'® cm ~ 2. The accumulation of electrons at the
interface may be due to residual sulfur atoms which did not
evaporate and were incorporated into the film as donors.
(The peak concentration appears to be shifted slightly into
the regrown layer possibly due to outdiffusion of the sulfur
ions.) This interpretation is further substantiated by mea-
sured carnier concentration as a function of position across
our 2 in. sample. At the substrate temperatures used during
MBE growth, there is a 10 °C increase in temperature from
the center to the edge of our 2 in. sample as measured with an
optical pyrometer. The carrier concentration displayed in
Fig. 2 was measur2d ~0.5 in. from the center of the 2 in.
sample. As one moves towards the center of the sample, the
peak of the electron concentration increases in magnitude.
With the center of the wafer at a lower temperature, it is
plausible that there is a larger concentration of residual sul-
fur atoms present which can incorporate in the film as do-
nors and lead to the observed larger electron concentration
at the interface.

The regrowth structures were also examined by cross-
sectional transmission electron microscopy (TEM). The
cross-sectional samples were prepared by mechanical grind-
ing and argon ion thinning. A JEM 2000EX electron micro-
scope was used for the observations. Figure 3 is a bright field
image of a thin area of a cross-sectional sampie, which exhib-
its a ty pical microstructure of the examined samples. In the
lower part of the image. the interface between the substrate
and the n* -GaAs epilayer is seen as a low contrast dark line.
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F1G. 3 Cross-sectional trapsmission electron micrograph bright-field im-
age i the area of MBE regrowth on an ammontum-sulfide-treated MBE-
grown GaAs epilaver.

The appearance of the dark line suggests the existence of
residual materials resulting from the substrate surface prep-
aration. No contrast, however, is observed from the interface
between the regrown epilayer and the buffer epilayer. In the
image, the location of this interface. which is determined by
the distance from the free surface of the regrown epilayer, is
marked by arrows. All observed areas show similar bright-
field images of the regrown interface, which are free of de-
fects or clusters.

In summary, we have investigated the regrowth of
GaAs on ammonium-sulfide-treated MBE-grown GaAs
epilayers. Reflection high-energy electron diffraction, trans-
mission electron microscopy, and capacitance-voltage pro-
filing techniques were used. There appears to be a slight en-
hancement of electron concentration at the regrown
interface due to residual suifur atoms which incorporate in
the film as donors. The amount of residual sulfur donors is a
strong function of the substrate temperature at which re-
growth s initiated. Ammonium sulfide chemical treatments
appear to be a promising approach to a versatile regrowth
procedure.
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Ton-Impianted p-n Junction Capacitors for GaAs
DRAM’s

J. W. PABST, T. E. DUNGAN. ). A. COOPER, JR.,
anp M. R. MELLOCH

Abstreci—The generation-limited storage time of ion-implanted GaAs
p-o junction capecitors is reported. Deep n-type potential wells were
formed in a lightly p-doped epitaxial layer with 150-keV Si** doses of
Sx 10¥ em~2and 1 x 10" cm™2. Mg* doses of 5 x 10" cm™? were
implanted through a thin SION cap at 40 and 60 keV to form shallow
p’ -regions within the n-wells. Storage times obtsined from capecitance
transient measurements of the p-n-p structures indicate the possibility
of planar jon-implanted GaAs dynamic memory cells at room temper-
ature.

1. INTRODUCTION

GaAs memories are attractive for cache applications demanding
very high speed and moderate capacity. Without a complementary
MESFET technology, most GaAs SRAM's are fabricated with six-
wransistor E-D DCFL cells or with celis using four enhancement-
mode transistors and two high-resistance load elements. To achieve
high-speed operation, such cells are operated in overdrive [1], re-
sulting in significant power dissipation in the storage state. A one-
transistor GaAs dynamic memory cell could provide higher inte-
gration density and better speed/power performance than static
memory cell designs.

The essential qualities of a DRAM storage capacitor are long
storage time and large capacitance per unit area. Carrier confine-
ment must be sufficient 10 insure storage times longer than the
DRAM refresh period over the entire range of operating tempera-
tures. For the down-scaling necessary for the desired high density
of 8 DRAM design, the storage cell should also exhibit a large
capacitance per unit area. The capacitance of a GaAs p-n junction
grown by molecular-beam epitaxy (MBE) has demonstrated both
sttributes [2], [3]).

Ion-implantation technology offers a proven processing strategy
for fabricating high-yield planar devices. Demonstration of a stor-
age capacitor fabricated by ion implantation is a first step toward
achieving a one-transistor dynamic memory cell compatible with
standard MESFET technology [4]. Fig. | shows such a fully ion-
implanted GaAs MESFET DRAM cell, as proposed by Dungan e
al. [2). Although MBE-grown GaAs p-n junctions have demon-
strated sufficient storage characteristics for DRAM applications, it
is not apparent that the same qualities can be obtained with im-
planted p-n junctions. In this brief we report our invesiigations into
ion-implanted GaAs p-n junctions for use as DRAM storage ca-
pacitors.

II. Device FABRICATION

To investigate the charge storage potential of ion-impianted p-n
junctions. the structure of Fig. 2 was fabricated and tested. The
storage cell is an ion-implanted version of the MBE-grown sym
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The authors are with the Schoo! of Electncal Engineenng. Purdue Uni-
versity, West Lafayette, IN 47907

1EEE Log Number 8932949

BitLine  Word Line

Fig. 1. Fully ion-implanted MESFET DRAM cell.
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Fig. 2. Storage time test circuit and p*-n-p~ capacitor structure.

TABLE 1

SAMPLES AND ION IMPLANTS

Si*™ ‘mplant Mg* implant
sample | energy dose energy dose

&eV) | @m?) | keV) | (em™)
#P2A 150 [*5~10" m) 5x10
#P2B 150 510" 60 5x10™
#PIA 150 1=10™ 40 510"
#P3B 150 1x10' 60 5= 10"

metric p-n-p buried-well structure reported from carlier experi-
ments [2]. [3]. The p-n-p capacitors were fabricated on four GaAs
samples by ion-implanting Si and Mg into a 3-um MBE-grown p~-
layer doped at 2 x 10'* cm~>. The samples and respective implants
are listed in Table I. Using a 7-um AZ-4620 photoresist mask on
the bare GaAs, deep n-wells were selectively implanted with Si**
ions at 150 keV. Si doses of 5 x 10" cm™ and 1 x 10" cm™?
were used in two samples each. to form n-wells of differing donor
density. After stripping the Si implant mask, 300 A of SiO,N, was
deposited by PECVD with a flow rutio of § SiH,:7 NH;:3 N,O.
The SiON cap served several purposes. As reported in other papers
{5]. [6], this SiON film was found to minimize surface degradaiion
of encapsulated semi-insulating GaAs substrates in furnace an-
neals. The amorphous capping layer reduced channeling of Mg™*
ions, which could spread the shaliow p*-regions to undesired
depths. Mg lodged in the encapsulant above implanted regions also
retarded the significant outdiffusion of Mg from the shallow p*-
regions into the SION, which can occur during a furnace anneal
[7]. An AZ-4620 photoresist layer was patterned to mask two p* -
regions within each n-well. A heavy dose of 5 ¥ 10" cm™2of Mg*
was implanted at either 40 or 60 keV to form the shallow p*-sur-
face regions. Following photoresist removal, the samples were
rinsed in HC! acid and cleaned with solvents before furnace an-
nealing for 15 min in an 850°C N, ambient. Proximity caps of
semi-ingulating GaAs placed face-to-face on each of the four sam-
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ples provided As (and G: overpressure to adequately reduce sur-
face evaporation damage. A 5-min etch in HF acid and a 5-min
boil in HyPO, acid (140~-150°C) removed all oxi-nitride from the
GaAs samples. Contacts were fabricated with an evaporation and
lift-off procedure. The surface acceptor density of the Mg-im-
planted regions was sufficient for ohmic response from the unan-
nealed AuZn (99: 1) p-contacts.

I11. EXPERIMEN]

An n-layer sandwiched between two p-regions can he depieted
of majority carriers for storage of positive charge. To deplete the
n-well for storage time measurements, a voltage puise is applied to
the top p”-contacts within the n-weil, while the p~-substrate is
grounded. The capacitance transient following the voltage pulse
shows the storage time constant, defined as the time needed for the
capacitance of the depleted p-n-p structure to recover 63.2 percent
of the difference between its initial and final values at zero bias.

In testing ion-implar:cd structures, it is important to understand
the effects of assymetric dop.ng levels on the capacitance tran-
sieats. Fig. 3 is a typical capacitance transient observed in testing
an ion-implanted p " -n-p~ storage cell by applying a voltage puise
V, as illustrated in Fig. 2. Consider the instant immediately after
the leading edge of the positive pulse. Before any current flows
from the n-well, electrons in the well redistribute towards the p*-
region. The p~-n-depletion region widens more than the p*-i. de-
pletion region contracts. The result is an immediate drop in the
total capacitance.

The net effect of the forward- and reverse-bias currents across
the p*-n and p~-n junctions, respectively, is a positive charging of
the n-well. As the well charges, the p”-n depletion region widens
slightly, as its forward bias is reduced. The p~-n depletion width
also widens, as its reverse-bias is increased. The widening deple-
tion regions cause the total capacitance to drop as the forward- and
reverse-bias junction currents settle. When the two junction cur-
rents are equal, the total device capacitance reaches a steady-state
value.

At the trailing edge of the voltage pulse, the clectrons in the
charged well are no longer drawn toward the p *-region. The car-
riers shift back toward the p~n junction, shrinking its depletion
width and slightly widening the p *-n depletion region. The total
device capacitance, dominated by the wider p~-n depletion width,
instantaneously rises in response to the charge redistribution. Be-
cause electrons have been removed from the n-well, the n-region
retains a positive charge. The capacitance is lower than the initial
equilibrium zero-bias capacitance due 0 the enlarged depletion
widths. Thermal generation in the depletion regions siowly re-
populates the n-well to restore the depietion widths and the device
capacitance to equilibrium. Analysis of the final rising capacitance
transient yields the storage time constant.

The thermal generation rate is exponentially dependent on the
operating temperature. Equation (1) follows from the inverse re-
lationship between the generation rate and the storage time con-
stant.

C
ro= =

e - Cze~£4/‘r (A)

rtl
where

is the thermal generation rate (in ehp per second times cu-
bic centimeters);

C, is the proportionality (in ¢hp per cubic centimeter);

7, is the storage constant (in seconds);

C; is the rate constant (in ehp per second times cubic centi-
meter);

E, is the activation ene-gy of the generation mechanism (in
electronvolts);

k  is Boltzmann's constant {1n electronvolts per degree Kel-
vin),;

T s the abolute temperature of the device (in degrees Kel-

vin).

Va

~1 Voh

laes

Fig. 3. Capacitance transient of p*-n-p~ structure during storage time fest.
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Fig. 4. Storage times versus temperature.

TABLE 11
STORAGE TIMES AND ACTIVATION ENERGIES

sample T 27°C(9) Ea
ave. # tested best (V)
#P2A 2,00 A4 8.00 | 0516
#P2B 0.69 11 1.1 | 0.590
#P3A 0.64 29 250 | 0539
#P3B 077 26 1.80 | 0455
ave. - - — 0.525

The activation energy £, car »e found from the slope of a plot o:
In(r,) versus 1 /T.

Table 1l summarizes the storage time data measured from the
capacitance trausients. Two p*-regions were implemented within
each n-region to allow surface-to-surface (p"-n-p* ) or surface-to-
substrate (p*-n-p~) capacitance tests. In measuring the storage
times, the voltage pulse was applied to one p*-surface region, while
the other p *-region and the p~-bulk were grounded as illustrated
in Fig. 2. This test configuration reduced noise in the capacitance
meter output signal. Storage time constants 2 | s were typical at
room temperature. Devices on sample #P2A held the positive
charge for the longest time, averaging 2 s at room temperature. The
superior storage times of sample #P2A devices can be related to
the quantity of ion-implant damage to the substrate. Lighter uoses
and lower implant energies cause less lattice damage. The lighter
dose of Si*™* and the lywer cnergy of the Mg* implant in sampie
#P2A produce the least lattice damage, resulting in the longest
storage times. Th= charge regencration rate of the other three sam-
ples appears to be accelerated by the increased dose of Si** ions
and/or the higher energy of the Mg* ions.

Fig. 4 shows the expected linear relationship between In (7,,)
and 1 /T. The ¢::a were obtained by testing the best device on cach
of the four samples. The average activation energy of the thermal
generation was found to be 0.53 eV. Half-bandgap activation en-
ergy is expected for bulk generation in most cases, but in an im-
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planted region this assumption is questionable. The quantity and
distribution of traps caused by the ion-implant damage may signif-
icantly increase the probability of multiple trap generation mech-
anisms.

IV. ConcLusIioN

The activation energies and time constants of the ion-implanted
GaAs p-n junction storage capacitors are lower than previously re-
peated measurements of comparable devices constructed with MBE
[2], [3] but sufficient for DRAM applications. The best ion-im-
plaated device exhibited a storage time of 8 s at 27°C, decreasing
to 110 ms at 101°C. Using such p-n junction capacitors in a GaAs
DRAM with 2 refresh period of | kHz, commercial operating tem-
peratures are arainable with a safety margin of two orders of mag-
nitude in storage times. Shorter storage times comesponded to
higher ion-implant doses and energies, suggesting that lattice dam-
age is the limiting factor in the generation rate. Continuing im-
provements in ion-implantation technology will enable high-den-
sity high-yield radiation-resistant GaAs DRAM circuits for high-
speed low-power digital signal processing applications.
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One-Transistor GaAs MESFET- and JFET-Accessed
Dynamic RAM Cells for High-Speed Medium
Density Applications
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Abstract—The introduction of digital GaAy into modern computing
systems has leud to increasing demund for high-density memory in these
GaAs technologies. To date, most of the memory development efforts
In GaAs have been directed toward four- and six-transistor static
RAM's, which consume substantial chip area and dissipate much static
power. This paper discusses theoretical and experimental work that
presents the possibility for a high-speed. low-power one-transistor
room-temperature dynamic RAM technology in GaAs. Isolated storage
capacitors have demonstrated over 20 min of storage time at room tem-
perature with charge densities comparable to that obtained with planar
silicon technology. One-transistor MESFET- and JFET-accessed
DRAM cells have been fabricated and operated at room temperature
and above. The standby power dissipation of these first cells is only a
small fraction of the power dissipated by the best commercial GaAs
SRAM cells.

[. INTRODUCTION

N SILICON integrated circuits. dynamic and static

memories have traditionally been targeted at different
applications because of their differing capacities. speeds.
and complexities. Dynamic memories achieve extremely
high single-chip capacities which translate into excellent
cost per bit and produce reliable. compact system de-
signs. Static memories are used in applications requiring
smaller single-chip capacity because of the design-sim-
plicity advantage derived from eliminating the need for
periodic refresh of the contents of the memory. Any mem-
ory technology will experience a reduction in speed per-
formance as single-chip capacity is increased. Because
dynamic memories are designed for higher densities, the
access times of dynamic circuits are typically consider-
ably longer than those achieved in static designs. For ex-
ample. if the technology used is the same (e.g.. 1-um
CMOS), then the access-time advantage of a 256-kb static
memory over a 1-Mb dynamic chip is essentially attrib-
utable to the difference in capacity. rather than to an in-
herent speed advantage of one design approach over the
other.
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Hierarchical memory designs combine the advantages
of both static and dynamic memories by using small. fast
static caches backed by large. efficient dynamic main
memories. As processor speeds increase, the importance
of inter-chip delays increases and the consequences of
cache misses become more severe. The need for larger
caches requires development of very fast memories of in-
termediate single-chip capacity in the 16- to 256-kb range.
Because of power dissipation limitations. this capacity
range is difficult to achieve with the static Si ECL designs
presently used for high-speed caches. This paper reports
initial progress in the development of low-power GaAs
dynamic memories for this high-speed intermediate-ca-
pacity performance area.

MESFET-based static GaAs memories have been avail-
able for some time. but their single-chip capacity is lim-
ited both because of power dissipation and because of die-
size restrictions in GaAs. Without an effective comple-
mentary-MESFET technoiogy. GaAs static memory cells
consume a significant amount of power in the storage
state. This power dissipation can be largely eliminated in
dynamic cell designs. It is this possible reduction in power
dissipation without corresponding loss of speed that pri-
marily motivates the consideration of dynamic memories
in GaAs. The cell-area reduction associated with switch-
ing from static to dynamic cells is expected to be less sig-
nificant in GaAs than in Si. as will be discussed later.

The lack of a native oxide with the excellent electrical
characteristics of the Si/SiO, system complicates the de--
sign of both the access transistor and the storage capacitor
for a one-transistor dynamic memory cell in GaAs. Sec-
tion 11 describes the performance of generation-limited p-
n junction capacitors as an alternative to MIS structures.
Section I11 considers operating voltages for FET-accessed
cells. Section 1V discusses possible complete-cell config-
urations. Section V reports preliminary results from com-
plete MESFET- and JFET-accessed memory cells. The
concluding section summarizes the present state of the re-
search.

1. DesiGN CONSIDERATIONS FOR p-n JUNCTION
CAPACITORS

Without a high-quality insulator with very low interface
state density. it is not possible to construct the charge-
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coupled memory cells used in early silicon dynamic mem-
ory designs. The capacitance of a simple reverse-biased
p-n homojunction has been suggested as an altemative for
the storage element of GaAs dynamic memory cells |1].
The two critical requirements for the dynamic storage ele-
ment are sufficient charge-storage density and low enough
leakage to allow an acceptable refresh rate over the in-
tcnded operating temperature range. In the optimization
of p-n junction capacitors, a design tradeoff is encoun-
tered between maximum charge density and maximum
storage time, as described below.

The charge per unit area stored on an abrupt p-n junc-
tion at reverse-bias voltage V can be written as

1o
Q:[Zeq—&-&)—-] [VV,,,+V"'\/v/_,,] (1)

where ¢ is the dielectric constant., ¢ is the electronic
charge. N, and Nj, are the acceptor and donor densities,
and V,, is the built-in potential. Increasing the doping
density on both sides of the junction narrows the depletion
width and increases the charge-storage density. The max-
imum charge-storage density at a given voltage would be
obtained by increasing the doping levels until the break-
down limit due to avalanching or tunneling was only
slightly larger than the applied bias. However, at the small
logic-level voltages used in digital GaAs circuits. the ma-
terial limits on doping density ( ~ 10" cm™*) will be
rcached before the breakdown limits of an ideal planar
diode. At 1 V reverse bias. the charge-storage density on
a GaAs diode doped near the material limits will be be-
tween 2 and 3 fC/um’. This is an order of magnitude
lower than the theoretical maximum charge density
achievable in silicon capacitors [2]. but it is comparable
to charge densities actually obtained in planar Si designs
13}.

The storage time in a p-n junction capacitor with the p
region grounded and the n region floating is determined
by the rate at which thermal generation replenishes elec-
trons removed from the n region. The generation current
will have components due to the buik and tne perimeter
of the device, and generation will occur both inside the
depletion width and outside within a minority-carrier dif-
fusion length. In GaAs the extremely low equilibrium mi-
nority-carrier concentrations result in a vanishingly small
concentration gradient in the neutral regions under reverse
bias. and bulk diffusion currents can be ignored. In re-
gions where the junction intersects a surface. the surface
diffusion current is enhanced because Fermi-level pinning
results in increased equilibrium minority-carrier concen-
trations at the surface. However. calculation of the sur-
face diffusion component by a method similar to that used
in [4] for forward-biased diodes indicates that the gener-
ation within the surface depletion region will dominate
surface diffusion current for biases greater than a few tens
of millivolts, using reasonable assumptions for the sur-
face-state parameters in GaAs [5).

If the generation lifetime were independent of the dop-
ing. then increasing the doping would be beneficial to the

2N v n‘lu,. - '.
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storage time. Increasing doping reduces the depletion
width, and thus the generation volume. Heavier doping
also raises the built-in potential of the junction, resulting
in reduced bulk generation lifetimes due to field-enhanced
generation [6]. The competing effccts of smaller genera-
tion volume and shorter lifetimes result in a maximum in
the storage time performance as the doping in abrupt GaAs
p-n junction capacilors is increased.

The effect of doping on storage time has been investi-
gated experimentally using buried-well test structures and
the capacitance-transient storage time measurement tech
nigque described in {1]. The MBE-grown test structures
consist of an n region between two p layers. forming back-
to-back diode: which are defined by wet chemical etch-
ing. Ohmic contacts are made to the upper und lower p
regions while the n region is left floating. The storage
time is measured by using a momentary bias pulse to
withdraw electrons from the n region and observing the
resulting transient in the capacitance as thermal genera-
tion refills the well. Devices which are otherwise identical
except for the doping in the p regions surrounding the n
layer have been examined. Fig. 1 plots the | /¢ capaci-
tance-recovery time constant versus inverse temperature
for devices having p region dopings of 7 X 10" em™*,
10" ecm ™. and 10" cm ™", In all three samples. the n re-
gion was doped at approximately 10™ ¢cm™ ', and the n
and p regions were made thick enough so that they were
never completely depicted at the 2 'V bias pulse used in
the measurement.

The maximum in the storage time performance as the
doping is increased is evident in Fig. 1. The shortest stor-
age times come from the most lightly doped sample. The
sample with intermediate doping shows the longest stor-
age times. and the performance of the heavily doped sam-
ple is reduced. Also apparent in Fig. 1 i¢ the effect of
field-enhanced generation on the activation energies of the
samples. Least squares fits to the data show activation
energies of 0.79, 0.62. and 0.51 eV for the light, inter-
mediate. and heavy dopings, respectively. The differ-
ences in the activation energies agree fairly well with
Frenkel's simple one-dimensional model of field-en-
hanced barrier reduction {6]. which is somewhat surpris-
ing. because measurements of field-enhanced generation
in Si have found the simple theory 1o predict a much larger
effect on activation energy than is actually observed {7]-
19]). The tradeoft between storage time and charge density
can be seen in the performance of the two more heavily
doped samples of Fig. {. The individual junctions in the
structure with N, = 10'7 cm™" have charge densities of
0.68 fC/um” at | V reverse bias. while the charge den-
sity at the same bias on the junctions of the degenerately
doped sample is 2.1 fC/um".

It is possible to retain the long storage times of the sam-
ple with the intermediate doping while achieving a charge
storage density almost as high as in the degenerately doped
sample by inserting a thin undoped layer between the n
and p regions. Fig. 2 compares the storage time perfor-
mance of the degenerately doped sample from Fig. | to
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S(omge time performance of heuvily doped p”- -p’und p-
-p capaciton venus temperature. The reduction nl Junumn efectric
fieid through the addition of a thin intrinsic layer increases the capacitor
storage time.

Flg

that of a device which is identical except for the addition
of 300 A undoped layers between the p* and n” regions.
The intrinsic region reduces the built-in fields, resulting
in improved storage times and a higher activation energy.
The storage time of the p~-i-n" diodes is almost identical
to that of the intermediately doped sample from Fig. |.
while the charge storage density at | V reverse bias in the
p -i-n* jUﬂC(lOﬂ is more than three times as large at 1.9
fC/pum’.

In order to measure the capacitance transients. it is nec-
essary for the buried-well structures to be much larger than
would be practical for the capacitors of high-density dy-
namic memory arrays. In a capacitor dominated by bulk
generation, the storage time is expected to be independent
of the size of the device, because the stored charge and
the generation rate scale equally. In a device dominated
by generation at the perimeter, the storage time will be
inversely proportional to the perimeter-to-area ratio. be-
cause the stored charge scales with area while the gener-
ation rate scales with the perimeter. The inverse of the
storage time constant, which is propomonal to the gen-
eration rate, can be expressed as

(2)

ONF-TRANSISTOR GaAs MESFET- AND JFET-ACCESSED DYNAMIC RAM CELLS
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Fig. 3. Storage time performance of p' -i-n " -i-p capacitors vernus perim-
eter-to-area ratw at 130.5°C. This plot shows that both buik gencration
and perimeter edge generation are significant leakage mechanisms lim-
iting capacitor storage time (see (ext).

where G is the bulk generation rate, G, is the perimeter
generation rate, P /A is the perimeter-to-area ratio. and K
is a proportionality constant. The relationship expressed
by (2) has been experimentally observed as shown in Fig.
3. which plots inverse time constant versus perimeter-to-
area ratio for several differently sized p*-i-n"-i-p* capac-
itors at 130.5°C.

The top axis in Fig. 3 shows the edge length of a square
capacitor which corresponds to the perimeter-to-area ratio
on the bottom axis. The storage time is longest for the
largest devices and decreases as the devices become
smaller and their perimeter-to-area ratios increase. The
line represents a least squares fit of the data. The nonzero
vertical intercept indicates the presence of a significant
bulk generation component. The positive slope indicates
that there is also a significant perimeter generation com-
ponent. Extrapolating the line off-scale to the right of the
figure allows prediction of the performance of very small
devices. For example. a 10 x 10 um' device would have
a perimeter-to-area ratio of 0.4 pm~' and a storage time
at 130.5°C of 730 ms. A 4 X 4 um® device would have
a perimeter-to-area ratio of 1.0 um~' and a 130.5°C stor-
age time of 320 ms. These results indicate that it is pos-
sible to produce GaAs diodes which simultaneously pro-
vide acceptable charge-storage density and sufficient
storage time. even in minimum-dimension devices. for use
as storage elements in dynamic memories operating at
more than 125°C.

Room-temperature charge storage has also been dem-
onstrated in GaAs p-n junctions formed by ion implanta-
tion. Loh et al. [10] observed storage times of several tens
of seconds at room temperature for diodes formed by im-
planting Mg to form a shallow p* region on an n-type
VPE epilayer. Recently. room temperature storage times
of several seconds have been demonstrated in diodes in
which both n and p layers were formed by implantation
of Si and Mg [11]. Expected further improvements in ion-
implanted capacitors results are important to the design of
complete dynamic memory cells, as discussed in Section
v
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II1. ELECTRiCAL DEeSIGN CONSIDERATIONS FOR
FET-Accessep CELLS

There are many possible choices for access transistor
types and cell configurations for one-transistor dynamic
memories using p-n junction capacitors. MODFET and
bipolar access are being researched. but this discussion
will consider only directly connected n-channel MES-
FET- and JFET-accessed cells. as diagramed in Fig. 4.

The access transistor of a dynamic memory cell must
be capable of supplying a very large range of drain-to-
source currents. To achieve high-speed operation. the ca-
pacitor-to-bitline current must be as large as possible dur-
ing reading and writing. In the storage state, the capaci-
tor-to-bitline current must be extremely small in order to
maintain the small-signal charge on the capacitor between
refresh cycles. Without the gate insulator of the MOSFET
access transistors used in Si dynamic memory cells. the
range of gate biases which can be applied to the gate of a
GaAs MESFET or JFET is restricted. If the gate is biased
too far forward during cell access. significant current will
flow to the capacitor or to the bitline, interfering with
proper operation during reading and writing. When the
transistor is biased below threshold during the storage
state, making the gate potential more negative will cause
the transistor-to-capacitor current to reach a minimum and
then to slowly increase [12]-{14], reducing the storage
time. Also, when the gate is held below threshold so that
the channel is completely depleted, a large wordline-to-
substrate punchthrough current will flow if the gate and
substrate are not at the same potential. To accommodate
these considerations, MESFET- and JFET-accessed dy-
namic memory cell arrays require shifted operating volt-
ages compared to standard DCFL GaAs logic.

To identify the operating voltage requirements, define
AV, as the voltage beyond threshold which must be ap-
plied to the gate to achieve the desired bitline-to-capacitor
current during reading and writing. 4 V,; is the amount
of voltage below threshold which must be applied to the
gate to reduce the bitline-to-capacitor current to the level
needed during the storage state. Vg, is defined as the
maximum forward bias which can be applied to the gate-
to-capacitor or gate-to-bitline junctions before an unac-
ceptably large gate current begins to flow. Vy,, and V,,,,
are the logic high and logic low voltages internal to the
memory array. The body effect is neglected, so the thresh-
old voltage V; is a fixed gate-to-source value.

The cell's write sequences relate the logic swing to the
threshold voltage and the maximum gate forward bias. For
example, to write a one, the bitline is taken to ¥y, and
the transistor is turned on. The transistor must remain on
until the capacitor charges up to V.. This requires that
the wordline be held at V., + V7 + AV,,,. The wordline
voltage during the write cycle. Vi, ,,,,. must not exceed
View + Vgu to prevent excessive gate current in other cells
connected to the same wordline. Thus

VWL(um = Vmgh + VT + AVnn = th + V(}M
Vl«m = VGM - VT - AVun'

(3)

Vhigh — (4)
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Fig. 4. Dircctly conanccted FET-uccessed {-T DRAM cell. The n chunncel
of the FET i\ directly connected to the n region of a p-n junction storage
capacitor.

Vgu is established by the access transistor type. Typical
values might be 0.6 V for 4 MESFET und 1.3 V for a
JFET. AV,, is selected from the access transistor’s fj¢-
versus- Vg characteristics to satisfy the write cycle time
requirements. and typically must be greater than 0.4 V.,
Equation (4) shows that once Vi and AV, are estab-
lished, making the threshold voltage more positive di-
rectly reduces the iogic swing.

During storage. the capacitor will be at V)., or at V.
so the gate-to-source bias will never be more positive than
Viwiioiy — View. Where Vi q, is the wordline voltage in
the storage state. To keep the capacitor-to-bitline leakage
at an allowable level, the gate-to-source bias must be more
negative than V; — AV, so

Vl‘v'[,lull') - Vluu = VT

VI\N E< V”’Llnlll + Al/ull - l/T-

(5)
(6)

The wordline voltage during storage must be chosen to be
the same as the substrate voltage to prevent the large gate-
to-substrate punchthrough current mentioned earlier. De-
fining the grounded substrate potential as zero. (6) be-
comes

-4 Von

2 AV‘uﬂ' -V (7)

The value necessary for AV,; is determined by the
subthreshold swing of the transistor and the acceptable
capacitor-to-bitline leakage in the storage state. The
subthreshold swing is defined as the change in gate poten-
tial needed to change the subthreshold drain-to-source
current by an order of magnitude. Subthreshold swing de-
pends on threshold voltage. gate-to-channel barrier height.
channel doping. gate length. and temperature [5]. Assum-
ing that the leakage current in the storage state must be
six orders of magnitude lower than at threshold. and using
a conservative value of 112 mV /decade for subthreshold
swing, an estimate for AV, is 675 mV.

Treating (3). (4). and (7) as equalities. Vi,u. Vyn. and
VwLion) can be plotted as a function of threshold voltage,
using A V.. AV,,. and V', as parameters. Fig. 5 shows
these relationships for a JFET-accessed memory cell using
Vow = 1.3 V. AV, = 05V, and AV, = 0.675 V.
Viwe.on o 18 required to be zero. For a specified logic swing,
there is an upper limit on the threshold voltage. For AV,

th
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= 0.5 V and a minimum logic swing of 0.5 V, the figure
shows that the most positive JFET threshold is 0.3 V.
Similarly, for a MESFET-accessed cell using the same
parameters with ¥, = 0.6 V., the maximum threshold
voltage is -0.4 V.

For a specified logic swing. shifting the threshold neg-
atively will allow larger values of AV,,. This increases
capacitor-to-bitline current during reading and writing.
However, more negative threshold voltages also require
larger values for Vi, Viien. and Vi oon). Vi oonr, must
remain at ground. so increasing Vi .., increases the
wordline voltage swing. which will eventually increase
the cycle time. The wordline-to-capacitor leakage in the
*‘stored one "’ state increases with V;,,,. A maximum lower
limit on the threshold is reached when the logic high volt-
age reaches the gate junction breakdown limit.

Summarizing. given a transistor type. signal charge.
desired cycle times. and operating temperature range. the
values for Vgy. AV, and AV, are approximately fixed.
Vweior) is required to be zero. The necessary logic swing
is fixed by the sense amplifier design. placing an upper
limit on the threshold voltage. The exact target for the
threshold voltage below this limit is determined by con-
sidering the effects of its variation on operating speed and
storage time. The p-type capacitor piate is held at ground,
or at ¥, if the reduced generation and increased signal
charge justify the additional dc supply level. The sense
amplifiers must translate the shifted logic levels used by
the peripheral circuitry.

IV. CeLL CONFIGURATIONS

The physical configuration chosen for the complete
GaAs dynamic memory cell will affect the performance
of the storage capacitor and the access transistor. For ex-
ample. the most obvious way to extend the buried-well
test capacitors to include an access transistor is to form a
JFET by etching through the upper p layer and adding an
ohmic bitline contact to the n layer, as shown in Fig. 6.
This type of cell has been used to demonstrate the storage
time capability of a JFET-accessed cell [12]. as described
in the next section. Because the same junctions form the
transistor and the storage node, the transistor leakage does

AND JEET ACCESSED DYNAMIC KAM CELLS

Word Line Capacior Piate Connection

/ JFET Access Transisior PN-Juncton Capacitor N

Fig. 6. A simple epitaxial JFET-accessed DRAM cell.

not greatly reduce the storage time. However. the cell suf-
fers from two problems which point out the need for con-
figurations in which the transistor and capacitor can be
optimized separately.

The first difficulty occurs because the doping and thick-
ness of the n layer in the capacitor must be the same as in
the transistor channel. Ideally, the doping and thickness
of the capacitor’s n layer would be much greater than in
the transistor channel so that the storage node would not
be close to depletion at any logic level. Otherwise, the
lateral flow of carriers through the capacitor to the access
FET will be restricted. slowing the cell's operation. The
second difficulty with the cell design of Fig. 6 occurs be-
cause the parasitic capacitance of the bitline and gate con-
tacts must be minimized by using very light doping in the
underlying layers. As described in Section II. a large de-
pletion region under the capacitor results in a large gen-
eration volume. reducing storage time and increasing col-
lection efficiency for alpha-particle-induced charge.

The first problem can be avoided by using a recess-
etched MESFET access transistor as shown in Fig. 7. The
n” layer decreases the bitline resistance and prevents par-
asitic transistor action in the capacitor, while the MES-
FET threshold is controlled by the recess etch depth. Such
recess-etched epitaxial MESFET's have demonstrated
very high transconductances [15]. The lower barrier
height of the MESFET compared to the JFET results in
increased leakage due to thermionic emission. However,
the operation of MESFET-accessed cells has been dem-
onstrated at room temperature. as will be reported in Sec-
tion V. The configuration of Fig. 7 could also employ a

JFET-access transistor by ion-implanting a shallow p*

gate region after the recess-etch.

The problem of confining the depletion region below
the capacitor without increasing the parasitic capacitance
of the transistor could be solved by using an all-implanted
cell as shown in Fig. 8. The p implant beneath the storage
node confines the fields in the capacitor. reducing the gen-
eration volume and the alpha-particle collection effi-
ciency. The only additions to a standard ion-implanted
MESFET process needed to form the cell of Fig. 8 are
the deep p implant and the associated alloyed contact. As
with the recess-etched cell, a JFET version of the all-im-
planted cell could be produced using a shallow p* gate
implant. The penalty for using an ion-implanted storage
region is increased thermal generation in the capacitor.
Complete ion-implanted memory cells have not yet been
demonstrated, but the results for isolated implanted ca-
pacitors reported in [11] suggest that room-tempsrature
operation should be achievable.
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Fig. 7. An epitaxial recess-ctched gate MESFET-sccessed DRAM cell.
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Fig. 8. A planar ion-implanted MESFET DRAM cell. This cell could be
fabricated by adding a deep p implant and an associated capacitor plate
contact to a standard MESFET process.

V. PreLiMINARY FET-Accessep DRAM CeLL
RESuULTS

The first complete memory cells constructed and char-
acterized are MBE common-n-channel JFET DRAM cells
as shown in Fig. 9 [12]. The cells consist of two 100 X
300 um’ p-n junction storage capacitors surrounded by a
S-um ring-gate JFET with a threshold voltage of ~1.0 V.
As discussed in Section IV, this structure is nonoptimal
in that it uses a depletion-mode access transistor with a
large perimeter ring gate. the lower junction of the capac-
itor has a large generating depletion width, and the FET
channel layer is used as the n-well of the storage capaci-
tor. Nevertheless, the devices demonstrate full DRAM
cell capabilities and storage times sufficient for room-tem-
i perature DRAM operation.

l Writing of information into the cell is demonstrated in

Fig. 10. Logic 1's and O’s are written successively to the
cell by quickly pulsing the gate from its off condition (Vg
= —1.5 V) to an on condition ( Vg = 0) with the bitline
held at an appropriate voltage ( Vgigine = 0 to write a logic
0, Vaitine = +0.6 V to write a logic 1). The charge state
of the storage region, which is monitored by measuring
its capacitance, is not affected by changes in the bitline
voltage with the gate off, showing good bitline-to-capac-
itor isolation. Some decay in the capacitance of the stor-
age node in the logic 1 state is observed as charge escapes
via capacitor and transistor leakage mechanisms. There is
no such decay for a stored 0 since this is the capacitor's
zero bias equilibrium state. The 1/e storage time of a
logic 1 at room temperature is 2 s and the activation en-
ergy is 0.627 eV [12).

As shown in Fig. 11, the read capability of the cell is
tested by measuring the response of a 0.5-pF active FET
probe acting as the bitiine. Logic 1's are written to the
cell by briefly pulsing the top of the capacitor positive
with the access transistor off (Vg g, = —1.5 V). Isola-
tion between the capacitor and the bitline is again con-
firmed by the lack of response of the active probe to the

‘ l change in capacitor voltage. A half millisecond later the

cell is read by tumning on the access transistor causing the
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pme.

Ceii
AE ' Stored 1 I Storsd 0 i Capemance
e Signa!
T F 9
F I prss— Bitline
Vohage
s 0 Write 1 l g Wrte 0 *
§ 1 msec
g r === wnte Puiss
> 1 -
JFET Gate
L Voltage
2
-l L 1. j A vt L e, — J
1) 0.1 0.2 0.3 0.4

Time (S)

Fig. 10. Pulse train demonstrating writing of 1's and 0°s 10 the JFET-ac-
cessed DRAM cell. For this demonstration. the charge on the storage
node is monitored by measuring the capacitance. The cell is writien when
the gate of the access transistor is briefly pulsed to 0 V from its off con-
ditionof —1.5V,

FET probe to respond to the positive charge stored on the
capacitor. The leading edge is the important feature of the
probe response because in a complete integrated circuit,
sense amplifiers would detect and latch the data from the
initial voltage excursion of the bitline. The bitline voltage
decays in about 250 us due to leakage through the resis-
tance of the probe. This also discharges the storage ca-
pacitor, which is connected to the bitline through the ac-
cess transistor. Thus the second gate pulse of Fig. 11
shows the bitline response when an uncharged capacitor
(stored 0) is read. The small positive response of the FET
probe during the read O is due to charge redistribution
when the gate is turned on: some electrons from the bit-
line are needed to fill the shrinking gate depletion area as
the gate voltage swings positive.

Depletion-mode MESFET-accessed DRAM cells based
on the recess-etch design of Fig. 7 have also been con-
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Fig. 11. Wavetorms demonstrating that the cell can be read through the
access transistor. The top waveform is the potential ol the bit line. which
is monitored by a low-capacitance active probe. The middle wavetorm
is a pulse upplied to the p-n junction storuge capacitor to remove elec-
trons and precharge the capacitor to a positive voltage. and the fower
waveform is the read pulse train applied 10 the gate of the access tran-
sistor. During the first read operation. the bit line potential goes positive
due to charge sharing between the bit line and the positively charged
storage capacitor. The rapid discharge is due to the resistunce of the
probe. The second read operation shows little voltage excursion since
the storage capacitor was discharged to a logic zero during the first read.

structed. These cells are characterized and operated at
room temperature in the same manner as the initial JFET
cells. MESFET-accessed cells with nearly the same ge-
ometry as the JFET-accessed cell of Fig. 9 exhibit a stor-
age time of only 2.4 ms at room temperature. The drop
in storage time is directly attributable to increased gate
leakage from the MESFET. Fig. 12 shows drain current
as a function of gate-to-source voltage for the transistors
of a JFET-accessed cell and a MESFET-accessed cell with
nearly identical geometries. The subthreshold current
minimum of a GaAs FET is limited by leakage from the
reverse-biased gate diode (12]-[14]. Thermionic emission
over the lower Schottky barrier of the MESFET results in
a much higher current minimum than the JFET, which has
a p-n junction gate barrier. The decrease in storage time
of the MESFET-accessed cell compared to the JFET cell
roughly corresponds to the increased off current of Fig.
12.

For all MESFET cell geometries tested. the gate leak-
age of the access transistor dominates the leakage of the
p-n junction storage capacitors despite the fact that the
capacitors have a much larger area. Longer storage times
are obtained by shrinking the size of the gate (leakage
current) relative to the capacitor (stored charge). A 1 /¢
storage time of | 5 at room temperature is observed on a
device with a2 220 x 220 um’ storage region accessed by
two 10 X 50-um® MESFET's. The MESFET-accessed
cells are less temperature-dependent (E, = 0.305 eV)
than the JFET-accessed cells (E, = 0.627 eV), so the
storage time disparity shrinks with increasing tempera-
ture.

As discussed in Section H1. minimum power dissipa-
tion in the storage state is achieved using positively shifted
logic levels to eliminate gate-to-substrate punchthrough
current. This is demonstrated for the MESFET-accessed
cell in Fig. 13. With the gate and substrate at ground, the
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Fig. 12. Comparison ot JFET- and MESFET-uccessed DRAM cell trun-
sistor turn-ofl characteristics. The increased MESFET leakage is due to
thermionic emission uver the gate. The storage time of JFET-accessed
cell biased at ¥,;,,5, = — 1.5V wias 2 s while the MESFET ceil biased
at Vyur, = —1.3V was 2.4 ms. The 300 X 5 um’ ring-gate JFET (Figs.
6 and 9) has a 1300 A thick 4 x 10'" cm ' channel while the 300 x 10
um’ recess etched ring-gate MESFET (Fig. 7) has a 4 x (07 cm ™’
channei that is approximately 750 A thick. Both transistors feature a
depleted buried p-layer (500 A. 1 x 10" cm™') to improve turn-off
characteristics.
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Fig. 13. Pulse train demonstrating write operation of the MESFET-ac-
cessed DRAM cells with positively shifted logic levels. The transistor
(V= -0.8 V) is off with V; = V.. = 0V 50 that no gate to
substrate current flows in the storage state. This reduces the total power
dissipated by the cell in the standby (storage) state to less than 300 nW.

access transistor is turned off by shifting the logic low.
level positive according to (7). The top plate of the ca-
pacitor is held at V,,, = 1.3 V, and the bitline swings
from Vi = 1.3 V to ¥V, = 2.45 V. The cell is written
when the gate of the access transistor is pulsed to 1.7 V.
The storage times of the cells do not change significantly
with the shift in operating voltages.

The total power consumption in the storage state is less
than 300 nW for the MESFET cells and 20 nW for the
JFET cells when operated with positively shifted logic
voltages to eliminate gate-to-substrate current. These
numbers, even though measured on very large cells, com-
pare very favorably to the 1 to 10 uW per bit of standby
power obtainable with GaAs SRAM’s [16]. This power
advantage is due to the fact that only small leakage cur-
rents flow in the DRAM cell when the access transistor is
off. Since the leakage currents scale with junction area
and perimeter, further improvement in power dissipation
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is expected as the DRAM cell is shrunk to practical di-
mensions.

VI. CONCLUSIONS

p-n junction-capacitor-based GaAs dynamic memory
technology has been investigated for very-high speed,
medium-density cache applications. The storage time and
charge density performance of epitaxial p-n junctions has
been investigated as a function of doping. The storage
time performance reaches a peak as doping is increased
due to the competing effects of shrinking generation vol-
ume and increasing field-enhanced generation. Charge
storage densities of greater than 2 fC/um? at 1 V and
storage times of greater than 1000 s at room temperature
have been obtained simultaneously using p*-i-n™ struc-
tures. The perimeter-to-area dependence of the storage
time indicates that such capacitors could be scaled to min-
_ imum dimensions while maintaining adequate storage time
for dynamic memory operation above 125°C. Preliminary
results on ion-implanted junctions show that it is possible
to achieve several seconds of storage in junctions in which
both the n and p regions have been formed by ion implan-
tation.

The operating voltages of GaAs dynamic memory ar-
rays have been considered. A scheme for achieving low-
power operation in MESFET- and JFET -accessed cells by
using positively shifted logic levels in the array has been
presented and demonstrated experimentally. The direct
relationship between logic swing and access transistor
threshold voltage has been derived as a consequence of
the limitation on forward gate bias in GaAs FET's.

Some possible configurations for complete memory
cells including both p-n junction capacitors and access
transistors have been presented. The detrimental effects
of parasitic transistor action with p-n junction capacitors
and of unconfined capacitor depletion regions have been
discussed. Recess-etched gate and all-ion-implanted cell
designs have been proposed to alleviate these difficulties.

The first complete one-transistor dynamic RAM cells
in GaAs have been fabricated and characterized. MES-
FET- and JFET-accessed DRAM cells have shown full
read/write capability as well as storage times sufficient for
room-temperature operation. When operated using posi-
tively shifted logic levels, these nonoptimized cells con-
sume almost two orders of magnitude less standby power
than the best commercial GaAs SRAM cells.
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Arsenic precipitates have been observed in GaAs low-temperature buffer layers (LTBLs)
used as “‘substrates” for normal molecular beam epitaxy growth. Transmission electron
microscopy has shown the arsenic precipitates to be hexagonal phase single crystals. The
precipitates are about 64 nm in diameter with a density on the order of 10" precipitates
per cm’. The semi-insulating properties of the LTBL can be explained in terms of these
arsenic precipitates acting as “‘buried” Schottky barriers with overlapping spherical depletion
regions. The implications of these results on LTBL resistivity stability with respect to
doping and anneal temperature will be discussed as will the possible role of arsenic
precipitates in semi-insulating liquid-encapsulated Czochralski-grown bulk GaAs.

Recently, a new type of semi-insulating GaAs epilayer,
known as a low-temperature buffer layer (LTBL) was
found to reduce “‘sidegating” or “‘backgating’, an impor-
tant parasitic problem associated with GaAs field-effect
transistor circuit technology.! Even though there is cur-
rently much interest concerning possible applications of
this material, there is a certain “‘mystery” about its chem-
istry, atomic structure, and electronic properties. Most of
this mystery is well documented by Kaminska er al.? It can
be summarized as follows. The LTBL is grown by molec-
ular beam epitaxy (MBE) at about 200 °C using “stan-
dard” MBE parameters. Next, this LTBL is used as a
“substrate” or “superstrate” upon which film structures
for active GaAs devices, such as metal-semiconductor
field-effect transistors (MESFETs) or high electron mobil-
ity transistors (HEMTs), are grown by MBE at “normal”
substrate temperatures, i.e., in the vicinity of 600 °C. If the
LTBL is characterized before continued growth or anneal
at 600 °C, it has the following properties. At normal exci-
tation intensities there is no measurable photoluminescence
(PL) signal compared with that for *‘normal” buffer
layers.! The LTBL has a > | at. % excess arsenic over the
stoichiometric amount and it is “highly resistive.”” It has a
“giant” electron paramagnetic resonance (EPR) signal
corresponding to 5 10'® As antisites per cm’ and it has a
0.1% larger lattice constant than for bulk GaAs.? How-
ever, if the LTBL is (1) “annealed” (defined as either a
600 °C, 10 min anneal or used for MBE growth at 600 °C)
or (2) grown above 250 °C instead of at 200 °C and with or
without a subsequent anneal, its properties change in a
peculiar way. It is now found to have a very small PL
signal with a decay time €100 ps.’ It still hasa > 1 at. %
excess arsenic. It is now uniformly semi-insulating with a
lattice constant the same as that for bulk GaAs, and it has
no measurable EPR signal (resolution ~10'® cm~?). It
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has also been observed that LTBLs doped greater than 10'®
Si atoms per cm’ remain semi-insulating after a 600 °C
anneal.**

Given that, to first order the above listed properties of
the as-grown LTBL can be explained by the presence of a
high concentration of antisite defects, there are at least two
intriguing questions which come to mind concerning the
annealed LTBL. First, how has the excess arsenic been
redistributed? Second, what makes the annealed LTBL re-
main semi-insulating, especially highly Si-doped layers?

In this letter we show that for our growth conditions
we observe the excess arsenic as hexagonal phase arsenic
precipitates. Second, we show that the semi-insulating
properties of the annealed LTBL can be explained by a
simple model in which the arsenic precipitates act as bur-
ied Schottky barriers with “spherical™ depletion regions.
The layers become semi-insulating when either the doping
level is low enough or the precipitate density is high
enough for the depletion regions to overlap. Since Schottky
barriers in GaAs have both large n-type (0.8 eV) and p-
type (0.6 eV) barriers,® and thus deplete both donors and
acceptors, our model can explain in simple terms why, for
example, highly Si-doped annealed LTBLs are semi-
insulating.*

The samples used in this work were grown in a Varnan
GEN II MBE system. The details of the film growth have
been reported previously.” Transmission electron micros-
copy (TEM) images of cross-sectional specimens have
shown the existence of a large number of small precipitates
in the LTBL. These precipitates give rise to weak spots
near spots of GaAs in electron diffraction patterns. By
analysis of diffraction patterns and high-resolution electron
microscope images, these precipitates have been identified
as elemental arsenic having a hexagonal structure.® Figure
I is a dark field image obtained by using one of the spots of
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FIG. 1. Dark field image of the GaAs buffer layer grown at a substrate
temperature of 220 *C. Arsenic precipitates are seen as bright sphere-like
particles.

the arsenic precipitates. A weakly excited (111) spot of
GaAs was also included in the objective lens apcrture and,
hence, gives rise to thickness contours. In the image, ar-
senic precipitates appear as bright sphere-like particles
showing moiré fringes inside. Diameters of the arsenic pre-
cipitates range from 2 to 10 nm. Because of the nature of
the dark field imaging technique, only a limited number of
arsenic precipitates existing in the area can be seen in the
observed image. Considering this effect, one can estimate
that the density of arsenic precipitates in the LTBL is of
the order of 10'7-10'"® cm~". (This estimate was made by
selecting sections of the TEM image where the sample
thickness was approximately 1000 A and counting the ob-
served precipitates.) Using the lower limit of 10' arsenic
precipitates per cm” and a cluster radius of 3 nm, we esti-
mate 5 10 atoms of excess arsenic precipitates per cm®
of GaAs which agrees well with the previously reported
excess arsenic concentration of over 1 at. %, i.e., >4 X 10%
arsenic atoms per cm' of GaAs.> More details of the ob-
servation and analysis of the TEM images will be reported
elsewhere.’

Given both the greatly decreased antisite defect con-
centration in annealed LTBLs and the existence of a high
density of precipitates, it is tempting to recall the role of
excess arsenic or arsenic clusters in the formation of
Schottky barriers at metal/GaAs interfaces. Arsenic clus-
ters can be associated with Schottky barrier formation ei-
ther through their role in generation of metal-induced gap
states (MIGs)'? or in their role in native defect generation
which pins the interface Fermi level at a value which cor-
responds to the Schottky barrier height.!' Within this
madel, arsenic clusters will be surrounded by spherical de-
pletion regions analogous to the planar regions at two-
dimensional metal/GaAs interfaces, with characteristic
barrier heights of ¢, = 0.8 ¢V and ¢, = 0.6 eV, for n- and
p-type matenial respectively. When these depletion regions
are isolated, namely for low cluster density, N, and/or
high doping density, M. the GaAs will be partially com-
pensated but still conducting as shown in Fig. 2{a). In
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(semi-insulating)
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0 L r

FI1G. 2. Band bending for n-type semiconductor with 1solated Schottky
barrier clusters: (a) high doping/low cluster density, (b) low doping/
high cluster density.

contrast, for high cluster density and/or low doping den-
sity the GaAs will be completely depleted and semi-
insulating [Fig. 2(b)]. Solving Poisson’s equation, it is
found that the maximum depletion radius r, is related to
barrnier height ¢, and cluster radius r, by

by=(gNp/6€) [(2r}/1,) + ro=3r}]. (1)

where N is the doping density. For a cluster radius of 3
nm, barrier height of 0.8 eV, and a doping level of 1 x 10'*
em ™, the calculated depletion radius is about 190 A so
that depletion spheres will begin to overlap for cluster den-
sities greater than 2 10'® cm~*. A perhaps clearer expla-
nation is obtained by calculating the amount of charge on
a cluster. Laplace’s equation gives

n,=(4me/q) r b, (2)

where n,, is the number of electron charges. This number,
times the cluster density, is the maximum density of dop-
ants that the clusters can compensate, and for 3 nm clus-
ters one obtains n_ =22 and n_ = 16 for n- and p-type
material, respectively. This model implies that for fixed
cluster size, compensation limits are proportional to cluster
density, as shown in Fig. 3. As can be seen, the cluster
density in our LTBL will render GaAs semi-insulating for
Np<22x10%cm *and N, < 1.6 x 10" ecm™". This
value is in good agreement with previous n-type doping
resuits in which the annealed LTBL is still semi-insulating
for high Si-doping levels.** It should also be noted that in
the crossover regime, where depletion spheres are starting
to overlap but the GaAs is not yet completely depleted,
conductivity will be affected by percolation behavior and
will likely lead to hopping-like conductivity at low temper-
atures.

We should like to note that the nature of the arsenic
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FIG. 3. Conductivity regime for #- and p-GaAs with J nm radius clusters.
Upper left corresponds to Fig. 2{a) lower nght to Fig. 2(b). The cluster
density for the LTBL is indicated.

precipitation will very likely depend on both the thermo-
chemica!l history of the LTBL and the kinetics associated
with the transition from a supersaturated arsenic state to
an equilibrium state when the LTBL is annealed. For ex-
ample, Ref. 2 has no mention of arsenic precipitation.
However, using samples similar to Ref. 2 arsenic precipi-
tation has been reported recently.'>”'* Clearly, the excess
arsenic concentration in the LTBL is determined by the
MBE conditions, especially the As/Ga flux ratio and the
substrate temperature during the low-temperature growth
phase. The formation and properties of the arsenic precip-
itates must depead on the details of the anneal, especially
anneal time, temperature, and strain environment. In this
regard it is quite likely, for example, that a rapid thermal
anneal (RTA) to high temperatures (750-900 °C) would
cause some fraction of the arsenic precipitates to redissolve
in the crystal lattice. This in turn would decrease the pre-
cipitate density and would result in highly doped LTBLs
converting to low-resistivity material at least for one con-
ductivity type. This effect has been seen in Si-doped
LTBLs.*

We have recently used LTBL material as the photo-
conductor in an optoelectronic receiver for THz beams.'>'®
Due to the ultrafast turn-on of the photoconductivity of
this material when driven with 70 fs laser pulses, 0.46 ps
THz pulse widths were measured. Consequently, the band-
width of the optoelectronic THz beam system'® has been
extended to beyond 2.5 THz for the first time. Since a
photoexcited carrier must on average diffuse 10 nm to the
nearest As precipitate, and since normal Schottky barrier
contacts can capture both holes and electrons, we interpret
our fast optoelectronic response as additional evidence that
As precipitates act as buried Schottky barriers.

Finally, in Fig. 3 we extrapolate our results to lower
arsenic precipitate densities for the purpose of speculating
on the role arsenic precipitates play in rendering bulk
liquid-encapsulated Czochralski (LEC) grown GaAs
semi-insulating. This speculation is reasonable since deep
level defects, i.e., EL2 and/or antisite arsenic defects, have
been long correlated with arsenic-rich bulk crystal growth
conditions.!” Also, arsenic precipitates in bulk GaAs crys-
tals have been previously reported.'® Using Ref. 2 we find
that the ratio of excess arsenic in LTBL GaAs to that in
bulk LEC GaAs is about 100. In the spirit of speculative
arguments we assume that this would correspond to LEC-

grown material with an arsenic precipitate density which
would be a factor of 0.01 for that of annealed LTBL or 10'*
narticles per cm’. A more conservative argument would be
that since the maximum EPR signal (5x 10" cm ™) is
approximately equal to 0.0l times the total excess arsenic
concentration (5 10°® cm ™) the total excess arsenic con-
centration in bulk LEC GaAs would be expected to be 100
times its EPR signal (10" cm~*). This would be 10'®
arsenic atoms per cm’ or 2X 10" precipitates per cm' as-
suming 6 nm diameter precipitates. Thus from Fig. 3 we
see that for this mechanism, bulk GaAs doped less than
mid 10"* ¢cm " would be semi-insulating. This agrees qual-
itatively with the known carrier versus doping properties of
LEC GaAs. (It can be shown that the compensation effi-
ciency, namely the ratio of maximum compensation to ex-
cess arsenic, is proportional to 1//2, so that conditions
leading to small clusters will result in even greater com-
pensation limi.+ at the same density of excess arsenic.) The
implications of this argument along with the experimental
results of this study might lead to the following conjecture.
Even though the arsenic antisite defect and the EL2 defect
have been well studied and correlated, it is possible that
they do not directly contribute to the semi-insulating char-
acter of the undoped GaAs found in technology applica-
tions. Rather, might it be possible that their signal is in-
dicative of the presence of arsenic precipitates which in
turn dominate the semi-insulating properties of undoped
arsenic-rich GaAs? This notion might be a fruitful topic of
further research.
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We have grown film structures by molecular beam epitaxy which include GaAs buffer layers
grown at low substrate temperatures (250 °C). The film structures have been examined
using transmission electron microscopy. The layers grown at normal temperatures (600 °C)
were free of defects or clusters. In contrast, the layer which was grown at low substrate
temperatures contained precipitates which have been identified as hexagonal arsenic. The
density of the arsenic precipitates is found to be very sensitive to the substrate temperature

during growth.

The growth of GaAs by molecular beam epitaxy
(MBE) at low substrate temperatures has recently
attracted much attention.'"> These low-temperature buffer
layers (LTBLs) are highly resistive and have been shown
to virtually eliminate side gating in GaAs integrated
circuits."* LTBLs have been found to contain an excess of
arsenic.” We have used transmission electron mic-oscopy
(TEM) to examine film structures grown by MBE which
include an LTBL. The layers grown at normal substrate
temperatures (600 °C) were found to be free of defects. In
contrast the layer grown at low substrate temperatures
(250°C) was found to contain precipitates which have
been identified as hexagonal arsenic. The formation of the
arsenic precipitates is very sensitive to the growth condi-
tions and post-growth ‘‘thermo-history” of the sample.
This point is clearly evident from previous lack of obser-
vation of arsenic precipitates in as-grown LTBLs and LT-
BLs which were annealed at 600°C.> However, several
groups have recently reported the observation of arsenic
precipitates in LTBLs following growth of a layer at nor-
mal substrate temperatures on top of the LTBL or after an
anneal following the growth of the LTBL.%® In this letter
we present the details of the MBE of our LTBLs and TEM
analysis of our films.

The film used in this work was grown in a Varian GEN
I MBE system on a 2-in.-diam liquid-encapsulated Czo-
chralski GaAs substrate. Some of the details of the film
growth have been reported previously.’ However. the
thermo-history of the sample plays a key role in the for-
mation of the arseni. precipitates. Therefore, a more de-
tailed description of the film growth will be presented so
that the TEM resuits at various levels of the film structure
can be correlated with the growth conditions.

The substrate was degreased, etched in a 60 °C solution
of S:1:1 of H,S0,:H,0,:H;0 for ! min and placed in a
nonbonded substrate mount. The substrate was outgassed
for 2 h at 200 °C in the entry chamber of the MBE, moved
to the buffer chamber where it was outgassed for 1 h at
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300 "C, and then loaded into the growth chamber. In the
growth chamber, the sample was heated to 615 °C for 2
min (the surface oxides desorbed at 580 °C) and then iow-
ered to the initial growth temperature of 600 °C.

The growth rates for all layers were 1 um/h with a
group V to group III beam equivalent pressure of 16. {The
arsenic source was the tetramer As,.) Initially, 0.8 um of
undoped GaAs was grown. Then the substrate temperature
was lowered from 600 to 250 °C during the growth of the
next 0.25 um of GaAs. The evolution of the reflection
high-energy electron diffraction (RHEED) pattern during
this lowering of the substrate temperature has been re-
ported previously.’ After reaching a substrate temperature
of 250°C, 1 um of undoped GaAs was grown. The sub-
strate temperature was then ramped back to 600 °C during
the growth of the next 0.15 um of GaAs. After attaining
the normal growth temperature of 600 °C, an additional
0.85 um of undoped GaAs was grown. This was followed
vy the growth of a modulation-doped heterojunction which
consisted of a 200 A Aly;Ga,,As spacer layer, an n-type
600 A Aly;Gay,As region, and a 50 A n* GaAs cap. The
gallium furnace temperature was lowered during the
growth of the last 2000 A of the GaAs before initiating
growtl, of the Al,;Gag;As spacer layer so that the
Aly3Gag,As growth rate would be 1 um/h. The
Al ;Gag ;As regions were grown at a substrate tempera-
ture of 615 °C.

There was no interruption of the growth process ex-
cept in the early stages of the GaAs layer grown at a sub-
strate temperature of 600 °C following the growth of the
LTBL. The purpose of the growth interruptions (which
were of ~ 15 s in duration) was to see if RHEED oscilla-
tions could be observed shortly after completion of the
growth of the LTBL. RHEED oscillations were clearly
visible indicating a layer-by-layer growth with up to 40
periods being observed after growing as little as 300 A of
GaAs at normal substrate temperatures.
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Hall bridges were fabricated and complete electrical
characterization of the two-dimensional electron gas (2-
deg) has been reported previously.’ In brief, the 2-deg ex-
hibited a carrier density of 5.5 x 10'' cm ~ 2 and mobility of
7800 cm?/V s at a temperature of 300 K and a carrier
density of 4 X 10" cm ~ 2 and mobility of 2.0x 10 cm?/V s
at a temperature of 4.2 K. Only recently have there been
reports of higher mobilities in a 2-deg,”'' clearly indicat-
ing high quality MBE material can be grown on top of
these LTBLs.

For the TEM observation, (011) cross-sectional sam-
ples were prepared by Ar ion thinning. A JEM 2000 EX
electron microscope with an ultrahigh resolution objective
lens pole piece was used. The spherical aberration coeffi-
cient of the pole piece is 0.7 mm which yields a point
resolution of 2.0 A. Bright field images of cross-sectional
samples showed a large number of small particles in the
area corresponding to the LTBL. Figure 1(a) is a bright
field image taken from an area including the LTBL, bound-
aries of which are indicated by arrows. In the image, the
small particles appear as dark circular spots with a nearly
uniform distribution. Diameters of observed particles
range from 20 to 100 A, and their density is of the order of
10'7 10 10'"® cm. ~ * Despite the existence of a large number
of particles, no defects such as dislocation lines or disloca-
tion loops were found in the sample, including the LTBL.

In selected area diffraction patterns taken from the
LTBL, weak spots appear near the spots of GaAs as seen in
Fig. 1(b). The small particles in the LTBL appear with
bright contrast in a dark field image taken by using one of
these weak spots. This observation suggests that the small
particles have a different crystal structure from that of
GaAs and have a certain orientation relationship with the
surrounding GaAs crystal. By analyzing diffraction pat-
terns and high-resolution electron microscope (HREM)
images, these particles have been identified as elemental
arsenic having a hexagonal structure with lattice parame-
ters of a =3.760 A and ¢ =10.548 A.'> Weak spots indi-
cated by arrows in Fig. 1(b) correspond to the (102) and
(003) planes of the hexagonal structure. In HREM im-
ages, clear lattice fringes are observed in the arsenic pre-
cipitates which exist in the thinner parts of the sample.
Figure 2 is a HREM image showing one arsenic precipi-
tate. The beam direction is in the [011] direction of the
GaAs crystal, and the amount of defocusing is about 450
A. Lattice fringes corresponding to (102) and (003)
planes of the hexagonal structure are seen in the precipi-
tates near the edge of the sample. As expected from dif-
fraction patterns, these lattice fringes are nearly parallel to
(111) type lattice planes of GaAs. A part of the area in this
precipitate shows an amorphous-like image which is be-
lieved to be caused by destruction of the arsenic crystal
during the ion thinning. In the precipitates existing in the
thicker part of the observed area, no lattice fringes of the
arsenic crystal are seen due to overlapping of the arsenic
and GaAs crystals, which gives rise to Moiré fringes. These
HREM images suggest that the shapes of the arsenic pre-
cipitates are spherical or ellipsoidal without having any
well-defined boundary planes.
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FIG. . (a) Bright field image of a cross-sectional sample which includes
a LTBL. (b) Electron diffraction patiern tuken from the LTBL. Weak
spots of arsenic are indicated by arrows

In earher TEM studies. the existence of elemental ar-
senic precipitates were found m annealed arsenic-rich bulk
GaAs crystals.' " Diffraction patterns and HREM images
of those arsenic particles are ery simtlar to the ones ob-
served in the present study. There 15, however, one impor-
tant difference. In the annealed bulk GaAs crystals, arsenic
precipitates are always observed ulong dislocation lines or
inside dislocation loops. which 1~ explained as a result of
preferential nucleation of arsenic precipitates on these de-
fects. In our LTBLs. no such defects are found around the
arsenic precipitates. The arsenic precipitates in the LTBLs
are surrounded by a perfect GuAs crystal and uniformly
distributed.

One interesting feature regarding the distribution of
the arsenic precipitates is found in the GaAs layer where
the substrate temperature was pradually reduced from 600
10 250 °C over a thickness of (1.2% um prior to the growth
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FIG. 2. High-resolution electron microscope image showing one arsenic
precipitate in the LTBL.

of the LTBL. Figure 3 is a bright field image taken from
this GaAs region. As seen in the image, the density of
arsenic precipitates gradually increases towards the LTBL
as the substrate temperature was lowered. This observation
suggests that the formation of arsenic precipitates occurs
even at temperatures considerably higher than the growth
temperature of the LTBL (250°C) and that the density
and sizes of the precipitates have a direct correlation with
the substrate temperature during the growth of the GaAs.

FI1G. 3. Bnight field image of the boundary region between the LTBL and
the lower GaAs bufter layer. The direction of growth, [100}, is indicated
by an arrow.
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The TEM images reported in this letter were of LTBLs
which were grown using As,. We have recently grown
LTBLs using As,. We have not investigated the LTBLs
which were grown with As, by TEM, but indications from
the optoelectronic response of the material indicate the
presence of As precipitates.'’

In summary, we have observed the formation of ar-
senic precipitates in GaAs regions which were grown by
MBE at low substrate temperatures. For growth at a sub-
strate temperature of 250 °C and an As, to Ga beam equiv-
alent pressure of 16, the precipitates were found to range in
size from 20 to 100 A with a density of 10'- 10" cm.” 3 In
earlier TEM studies of LTBLs, arsenic precipitates were
not observed.’ In order for the arsenic precipitates to con-
dense, growth of a layer at normal substrate temperatures
on top of the LTBL or an anneal sometime following the
growth of the LTBL is required as has been observed re-
cently by several groups.®®

The work at Purdue University was partially funded
by the Office of Naval Research under grant No. NO0OO14-
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Electrical characterization of GaAs PiN junction diodes grown in trenches

by atomic layer epitaxy
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We report the electrical characterization of GaAs PiN junction diodes grown over the
sidewalls of patterned trenches by atomic layer epitaxy. The diodes exhibit excellent
rectifying behavior demonstrating that high quality GaAs was grown on the entire trench
structure including sidewalls and corners. The sidewall material is characterized

electrically through reverse bias diode leakage from thermal generation in the depletion
region. 2-um-deep trenches contribute a leakage current of less than 60 pA/cm? of sidewall
area under 1 V reverse bias at 144 °C, which is satisfactory for most device applications.

The ability to epitaxially grow high quality III-V layers
on sidewalls of patterned mesas and trenches would facil-
jtate the fabrication of mar., new device structures.'™
Atomic layer epitaxy (ALE) is to date the most promising
technique for sidewall growth. Metalorganic chemical va-
por deposition and molecular beam epitaxy produce non-
uniform growth (or no growth) on sidewall surfaces, re-
sulting in inadequate material in areas underneath
overhangs and traversing sharp etched corners.*” In con-
trast, ALE proceeds in a self-limiting fashion that enables
growth to take place on all crystal surfaces with greater
uniformity.® ALE's sidewall growth capability was first
demonstrated with GaAs/InGaAs multilayer structures.’
More recently, intentionally heavily doped ALE sidewall
layers were used to reduce the parasitic resistances of a
delta-doped field-effect transistor.'®!" Previous work, how-
ever, has failed to address the electrical quality of the side-
wall material. One reflection of material quality is leakage
due to thermal generation in the depletion region of a
reverse-biased diode. Planar ALE diodes have achieved
record-low leakages,'? and most of this leakage current was
attributable to surface generation at the etched perimeter
of the device. In this letter, we report on the fabrication
and characterization of GaAs PiV diodes grown over the
sidewalls of etched trenches by ALE.

The diodes were fabricated on N * silicon-doped GaAs
(100) substraies. The substrate preparation prior to
growth is vital to the quality of epitaxially grown layers.
On planar substrates, an etch of several microns is typically
employed to provide a pristine surface for initiation of
growth with minimal defects. The addition of trenches
prior to growth complicates substrate preparation in that
the final clean-up must preserve the previously etched
trench pattern. The first wafer clean consists of standard
solvent rinses and an etch for 1 min in 15 H,SO,:1 H;0,:1
H,0. Rectangular trench patterns oriented ~ 15° off the
{110} cleaved edges are patterned by standard photoli-
thography. Trenches 2 um in depth are wet-etched using |

H,;PO,:1 H;0,:3 H,0 for 45 s. The photoresist is stripped
with another solvent clean, and a final clean in concen-
trated HCI for 1 min preserves the trench pattern.

The growth system, conditions, and active layer struc-
ture are described in Ref. 12. A 200 nm buffer layer of
2% 10" cm =3 N GaAs is grown, followed by a 1 10'®
cm ~* Se-doped layer, 200 nm thick, which forms the N
side of the junction. Next, a 30 nm unintentionally doped
layer is grown under conditions optimized to achieve a
background doping level of less than 10'* cm ~>. A 200 nm
layer of 1% 10" em ~* Zn-doped GaAs is grown as the P
side of the junction, and the growth is finished by the ad-
dition of a 100 nm degenerately doped P ™ cap layer. Fol-
lowing growth, gold is evaporated and patterned by lift-off
to form a nonalloyed Ohmic contact to the P~ cap layer.
Fabrication is completed by a 0.8 um patterned mesa etch
in 3 H;PO,:1 H,0,:25 H,0. A schematic cross section of a
mesa-isolated diode with a single trench is shown in Fig. 1.

Leakage currents due to the trenches were character-
ized using three 100X 100 um diode structures. One diode .
has a planar top surface, one contains a single 30 30x%2
um trench (cf. Fig. 1), and one contains nine 10X 10x2
um trenches. The total horizontal surface area is the same
(10* um?) on each of the three diode mesas. Moreover, the
horizontal area at the bottom of trenches is exactly 900

I Au Ohmic Metal

/ P+ 300 nm
e S M
%%‘\No 400 nm

N+ GaAs

r

FI1G. 1. Schematic cross section of a single-trench mesa-isolated PiN di-
ode. The two doping regions in the N ' and P’ layers are omitted for
clarity.




FIG. 2. SEM photo of the nine-trench diode after ALE growth but before

metallization. The ALE-grown maienial covers all visible surfaces, and

the surface morphology is smooth. The horizontal scale bar at the top of
" the photograph represents 10 um.

pum? on both the l-trench and the 9-trench samples. The
only difference between the 1-trench and 9-trench samples
is the trench perimeter (which has a 3:1 ratio) and the
number of trench corners (which has a 9:1 ratio). An
independent te<t siructure was used to verify that muterial
in the bottom of the trenches is electrically connected to
the top planar surfaces via the ALE-grown sidewalls. Fig-
ure 2 shows a scanning electron microscopy (SEM) pho-
tograph of the nine-trench structure after ALE growth
(but before metallization).

At room temperature the reverse diode leakage cur-
rents were below the noise limit of conventional current
measurement equipment, so current-voltage (/-¥) charac-
terization was conducted at 144 °C. The I-V curves of the
three 100X 100 um diodes are given in Fig. 3 along with
the I-¥ curve of a 100 X 100 um low leakage diode'? which
was fabricated on a planar substrate with no trenches. The
nearly identical characteristics of the two planar diodes
shows that planar material on the trenched substrate is
comparable to the excellent material reported in Ref. 12.
Planar devices fabricated entirely on the flat bottom sur-
faces of large trenches show the same leanage characteris-
tics as planar devices on the top surface.

Figure 4 shows the dependence of leakage on trench

T T
'TAron =100 x 100 um 4
T=144°C i
- 104 - '
< o 9 Trench Jf‘ 5
- L s 1 Trench 4
5 . o Planer
§ 10 — Planar (Raf. 12) -
(3]
107" T ]
‘0»!1
-1 0.5 [ 05

Voltage (V)

FIG. 3. Hign-temperature ALE PiN 100 100 um diode /-1’ character-
istics. The sohd hine 1s the PiA diode reported in Ref 12.
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F1G. 4. Dependence of reverse current on trench perimeter at 144 °C and
1V reverse bias. All samples have the same top surface area (100% 100

pm).

perimeter for several devices of each type. A general linear
dependence is apparent, indicating that sidewall leakage
scales directly with trench perimeter and not with the
number of trench corners. It is not possible from these data
to determine whether sidewall leakage actually scales with
sidewall perimeter or with sidewall area, since all trenches
are the same depth. Further experiments are planned to
determine the dependence on trench depth and on trench
orientation. However, if the sidewall leakage component is
normalized to sidewall area for these samples, we obtain a
value of about 60 uA/cm? at 144 °C and | V reverse bias,
which is quite satisfactory for most device applications.

The reverse-bias sidewall current varies approximately
as the square root of applied voltage, which suggests that
thermal generation in the depletion region is the primary
source of sidewall leakage. The temperature dependence of
leakage current at | V reverse bias for the three 100X 100
um diodes is given in Fig. 5. The activation energy of
leakage current on the 1-trench and 9-trench diodes are
nearly the same, at 0.844 eV, whiie the activation energy of
the planar sample is 0.713 eV.

In conclusion, we have fabricated and characterized
the first PiN junction diodes from GaAs grown in trenches
by ALE. The quality of sidewall material has been mea-
sured electrically for the first time through reverse bias
leakage due to thermal generation in the depletion region.
The leakage current due to the trench sidewalls is signifi-
cant compared to the current due to the planar surfaces.

Tempersture (°C)

144 112 84 -]

<
-]
€
§
107 4 i i a1 4
23 24 25 26 27 28 2% 3
1000/T (1/K)

FIG. 5. Temperature dependence of leakage current at 1 V reverse bias
for 100 » 100 um test diodes.
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However, this leakage is low enough for a number of prac-

tical device applications.
This work was supported by SDIO/IST under grant
N00014-88-0527, administered by ONR.
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TUAu Contact
25nm P+ GaAs
25nm P+ AiGaAs 10" cm™
30 nm Undoped AlGaAs

150nm NAIGaAs 5X10'7cm™

30 nm Undoped AlGaAs

100 nm P+ AlGaAs 10" em®

1um P+ GaAs Buffer Epllayer

P+ GaAs Substrate

FIG. 1. PINiP Alg,Gag¢As charge storage capacitor.

An aluminum mole fraction of 0.4 was chosen for the
experiment. The epilayers shown in Fig. 1 were grown on
a (100) P*-GaAs substrate in a Varian Gen II molecular
beam epitaxy system using silicon and beryllium for n and
p-type dopants. 100 nm of Ti and 200 nm of Au were then
deposited in an electron beam evaporation system and pat-
terned by liftoff to form a nonalloyed ohmic contact to the
P* -GaAs cap layer. The metal contact layer acted as a
mask during a 5 min etch in 3 H;PO,:1 H,0,:100 H,0
which isolated the devices.

Figure 2 shows the storage time performance of four
sizes of Al;,Gag¢As PiNiP devices over the temperature
range 70-145 °C. The activation energies change with de-
vice size, and they do not correspond to half the extrapo-
lated zero-temperature band gap of Aly,Gag¢As (extrap-
olated E;/2 = 1.11 eV as calculated from parameters in
Ref. 8). Above half-band-gap activation suggests that non-
midgap centers play a significant role in Al ,Ga;¢As ther-

T({°C)
10° 144 127 112 97 84 72
A 150X 150 jim Ea= 1.30 oV
2
- 10% £ w\100 X 100 ym En=1.30 oV 3
‘3, 10' | ]
= 100 ]
,‘g 107 L4 A 50X 50 um Exx1.44 eV |
”
10° O 25X 25 um Exs 1.47 oV |
23 24 25 26 27 28 29

1000/T (1/K)
FIG. 2. 1/e storage time vs temperature data for PINiP capacitors ranging

in size from 2525 um to 150X 150 um. A 1 V, 2 s bias pulse was used
to initially charge the capacitor.
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FIG. 3. Inverse storage time as a function of P/A4 ratio for three different
temperatures. The y intercepts are proportional to the bulk generation
rate G, and the siopes are proportional to the perimeter generation rate
Gp

mal generation, and the trend of higher activation energies
for smaller devices implies that G, has a higher activation
energy than Gy

To resolve the two mechanisms, the bulk and perime-
ter generation rates at each temperature were calculated by
applying (6) to plots of 1/, vs P/A (Fig. 3). The temper-
ature dependence of the two mechanisms is presented in
Fig. 4. The bulk generation rate Gy exhibits an activation
energy (1.16 eV) that is close to half the extrapolated
zero-temperature Al 4Gag ¢As band gap. This temperature
dependence is consistent with the theory that near-midgap
centers dominate thermal generation in the bulk. In con-
trast, the measured temperature dependence of Gp does not
conform with the supposition that near-midgap surface
states dominate perimeter edge generation. Instead, the ex-
perimental behavior of Gp can be modeled within the
framework of (4) by dominant surface generation centers
that are approximately 0.5 eV off the middle of the band
gap. Whether these centers lie above or below E; cannot be

T(°C)
-'g 10™ 127 12 97 84 7210“ .;g
o~

% 10"} Perimeter E,= 1.50 eV 1 105 E
E s
& 10" g 1 10% 3
& [ 3
§ 10‘7 3 < 1013 §
= [
§ 10"} 10" g
(E 10" | Bulk E = 1.18 eV 10"

3

@ 10" i —_— A N 1010

24 285 26 27 28 29

1000/T (1/K)

FIG. 4. Al; .Gag4As bulk and perimeter generation rates as a function of
temperature. Bulk generation rates were calculated from p-intercepts of
plots of 1/r, vs P/A (Fig. 3), while perimeter gencration rates were
calculated from the slopes.
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directly inferred from these measurements, due to the en-
ergetic symmetry of (4).

In conclusion, we have experimentally characterized
the mechanisms governing thermal generation in reverse-
biased AlyGay¢As PiNV junctions. Both bulk and perime-
ter edge generation are significant leakage mechanisms.
The experimental data are consistent with the theory that
near-midgap centers dominate generation in the bulk,
while perimeter generation appears to be governed by cen-
ters that are around 0.5 eV above or below E,.
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NO00014-88-0527, and by ONR under Grant N0014-89-J-
1864.
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Using GaAs epilayers with arsenic precipitates (GaAs:As) as the photoconductive material
in a broad-band optoelectronic terahertz beam system, we have generated and detected
freely propagating, subpicosecond electromagnetic pulses. The receiver signal gave a
measured integrated pulse width of 0.71 ps. Fast photoconductive rise times have been
achieved which are characteristic of good mobility GaAs. In addition, the material exhibits a
short “effective’ carrier lifetime of several ps due to the embedded, closely spaced (about

20 nm) arsenic precipitates.

The use of subpicosecond pulsed laser technology to
drive photoconductive switches ' has led to a widespread
interest in the development of ultrafast optoelectronic ma-
terials and devices which can generate and detect subpico-
second electrical pulses.’”'® Generally, achieving ultrafast
optoelectronic performance depends on both the properties
of the photoconductive material and the configuration of
the sampling device. Nonetheless, it is well understood that
the ideal photoconductive material would have high dark
resistivity, high carrier mobility, and short carrier life-
times. Such material would exhibit a fast rise time, high
output signal, and a fast turn-off time. The best previously
studied subpicosecond material, namely, implanted silicon-
on-sapphire (SOS), achieved short carrier lifetimes via
high defect densities—this results in excellent receiver
noise characteristics, but compromises somewhat the car-
rier mobility and pulse rise time, and thereby the ultimate
high-frequency performance.

An alternative photoconductive material is GaAs
grown by molecular beam epitaxy (MBE) at 200-250 °C
(LT GaAs). As grown, this material contains roughly 1%
excess As, producing an extreme concentration of bulk de-
fects.!'! When used as the photoconductive material in a
transmission line, electrical pulse *“launcher,™ it produced
an electrical pulse width of 1.6 ps and a large improvement
in signal amplitude over SOS-based structures. From that
study, its authors surmised an electron mobility of 200
em?/V's. Since then, electrical pulses as short as 0.6 ps
have been generated on coplanar transmission lines with
this material.'

Recently, it has been shown that under certain anneal-
ing conditions, the excess arsenic in LT GaAs will coalesce
into arsenic precipitates (GaAs:As) about 6 nm in diam-
eter with an average spacing of about 20 nm.'? In this letter
we demonstrate the relatively large signal generation and
detection of subpicosecond freely propagating electromag-
netic pulses using these GaAs:As epilayers as the photo-
conductive emitters and detectors in a complete, broad-
band optoelectronic terahertz beam system.> Our results
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indicate that the photoconductive response of the GaAs:As
material consists of an ultrafast, subpicosecond turn-on
time similar to that for “normal” GaAs, but followed by a
turn-off time of several picoseconds. Consequently, for the
transmitter the emitted THz pulse is produced by the lead-
ing transient. Similarly, this photoconductive response
““gates” the receiver so that it operates in an integrating
mode, where the high-frequency limit is determined by the
sharpness of the photoconductive rise time.

Since the process windows which produce GaAs:As
are not yet well established, the details of the relevant ep-
igrowth procedure will be described. The epilayers used in
this study were grown in a Varian GEN Il molecular beam
epitaxy (MBE) system on a 2-in. diam, liquid-
encapsulated-Czochralski (100) GaAs substrate. The sub-
strate was degreased, etched in a 60 °C solution of 5:1:1 of
H,S0,:H,0,:H,0 for 1 min and placed in a nonbonded
substrate mount. The substrate was outgassed for 2 h at
200 °C in the entry chamber of the MBE, moved to the
buffer chamber where it was outgassed for 1 h at 300 °C,
and then loaded into the growth chamber. In the growth
chamber, the sample was heated to 615 °C for 2 min (the
surface oxides desorbed at 580 °C) and then lowered to the
initial growth temperature of 600 °C.

The growth rate for all layers was 1 um/h, with a
group V to group III ratio (beam equivalent pressure) of
22. The arsenic source used was the dimer As,. First, 0.75
um of undoped GaAs buffer was grown. Then the sub-
strate temperature was ramped from 600 °C to 250 °C, dur-
ing the growth of the next 0.25 um of GaAs. After reach-
ing a substrate temperature of 250°C, 1 um of undoped
GaAs was grown. The substrate temperature was then
ramped back to 600 °C during the growth of the next 500 A
of GaAs, and the structure was capped with an additional
100 A of undoped GaAs. The structure growth was fol-
lowed by an in situ anneal in the As, flux for 1 h at 600 °C.
The substrate was rotated at 5 rpm during the growth of all
layers and during the one hour 600 °C anneal. Transmis-
sion electron microscopy revealed arsenic precipitates (6
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FIG. 2. Direct comparison between GaAs:As and SOS receivers, using 8
GaAs:As transmitter (the difference in time delay is arbitrary): (a) Nu-
merical derivative of the messured GaAs:As receiver pulse shown in Fig.
1(b); (b) measured SOS receiver pulse; (¢) amplitude spectrum of de-
rivative puise in (a) (GaAs:As); (d) amplitude spectrum of pulse in (b)
(S08).

receiver operates in an integrating mode, in contrast to
SOS operation in a sampling mode, a more direct pulse
width comparison was made by using a GaAs:As transmit-
ter with both receivers, but differentiating the GaAs:As
receiver results. Figures 2(a) and 2(b) show these signals
for GaAs:As and SOS, respectively, yielding minimum-
maximum differences of 0.58 ps for the numerical deriva-
tive of the GaAs:As receiver signal and 0.67 ps for the
SOS. The derivative signal has the opposite polarity com-
pared to the SOS signal, because the original GaAs:As
signal is proportional to the negative integral. It should
also be noted that the measured pulse width is extremely
sensitive to precise alignment of the silicon lens, which we
optimized for each antenna. Figures 2(c) and 2(d) show
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the amplitude spectra for 2(a) and 2(b), respectively, il-
lustrating a slight advantage in bandwidth for the GaAs:As
signal after differentiation. Lastly, by comparing noise lev-
els in the GaAs:As and SOS receivers, it is estimated that
the photoexcitation decay in the GaAs:As is on the order
of 2 ps, which is consistent with mediation by sparse As
clusters rather than a high density of bulk defects (as in
SOS or LT GaAs). Because of the indirect nature of this
pulse shape inference it would be dubious to attempt a
rigorous direct comparison with earlier LT GaAs work.’
Nevertheless, the above results and corroborating DLTS
measurements'* suggest a quality now approaching that of
intrinsic GaAs.

In conclusion, we have demonstrated an optoelectronic
THz beam transceiver system, which uses GaAs:As as the
photoconductive material in the laser driven Auston
switches. The system generates relatively powerful subpi-
cosecond pulses of THz radiation. Our measured inte-
grated pulse widths of 0.71 ps indicate that the GaAs:As
photoconductive material has the desired combination of
an ultrafast, subpicosecond turn-on time, due to the excel-
lent mobility in the high-quality, epitaxial material, to-
gether with a reasonably short carrier lifetime of several
picoseconds due to the high density of As clusters acting as
recombination centers.

We would like to acknowledge the excellent mask and
wafer fabrication by Hoi Chan and the assistance of David
Mclinturfl. Some of the earlier measurements using this
material were performed by Séren Keiding. The work done
at Purdue University was partially supported by the Office
of Naval Research under grant No. N00014-85-J-1864.
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Probe beam intensities more than an order of magnitude larger than pump beam intensities
do not erase photorefractive gratings during nondegenerate four-wave mixing in
photorefractive GaAs/AlGaAs quantum wells. The pump and probe laser wavelengths are
absorbed in spatially separated regions of the multilayer structure. The photoconductivity

of a probe beam around 840 nm is confined to the GaAs quantum weils and cannot easily erase
the trapped space-charge gratings in the AlGaAs barriers written by an above-band-gap
HeNe laser at 633 nm. This allows a weak visible control beam to modulate a strong infrared

signal beam.

A requirement of any efficient control system is the
ability to control strong signals with weak signals. In bulk
photorefractive devices this ideal has been clusive because
probe beams erase photorefractive gratings, forcing the
pump lasers to have intensities equal to or larger than
probe beams. Recent work has begun to combine the res-
onant quadratic electro-optic effects associated with exci-
tonic absorption,"2 with semi-insulating materials to pro-
duce high-sensitivity photorefractive devices.> In this
letter, we use nondegenerate four-wave mixing in semi-
insulating multiple quantum wells (SIMQWSs) of GaAs/
AlGaAs to spatially isolate the photoconductivity of the
probe beam from the space-charge gratings generated by a
visible HeNe laser. By isolating the probe photoconductiv-
ity to the GaAs quantum wells, the gratings in the AlGaAs
barriers are not easily erased. Probe intensities therefore
can be more than an order of magnitude larger than the
pump intensity without erasing the grating.

The photorefractive sample is a SIMQW structure. A
superlattice with 60 periods of alternating 75 A GaAs wells
between 100 A Alg ;Gag ,As barriers is grown on top of
8000 A of AlGaAs stop-etch layers. A cap of Al ;Gag,As
500 A thick was grown on top of the multiple quantum
wells. The active photorefractive interaction length is 1.05
pm, the thickness of the multiple quantum well superlat-
tice. After growth, the sample was proton implanted from
the surface using 160 keV protons at a dose of 10'? cm?.
The proton implant introduces defects that pin the Fermi
level mid gap, producing semi-insulating material.® The
sample was mounted on a glass slide with epoxy and the
substrate was removed by a selective etch that stops at the
Alg sGag sAs stop-etch layer. The sample was proton im-
planted again with the same dose and implant energy from
the stop-etch side to ensure that the entire structure was
semi-insulating. Gold contact strips were evaporated on
the stop-etch layer with a separation of | mm. A voltage
applied to these contacts generates an electric field inside
the thin sample that is parallel to the quantum well planes.

The electric field modifies the optical properties of the
excitons through the Franz-Keldysh effect. For the exper-
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iments, the wavelength ranges of interest are 825-845 nm,
at the excitonic absorption, and 633 nm at the wavelength
of the HeNe laser. The HeNe photon energy is large
enough to excite electron-hole pairs in the quantum wells
as well as the AlGaAs barriers and buffer layer. This laser
therefore experiences absorption throughout the device
thickness. In contrast, the 840 nm light is absorbed only in
the GaAs quantum wells. The sample absorption coeffi-
cientat A = 840 nm is @ = 1.4 10* cm ~ ! (considering an
interaction length of 1.05 um) and at A =633 nm is
a =2.8X10*cm ~! (considering an interaction length of 2
um). The dark conductivity of the sample is o, =10~ ¢s
after proton implantation. The absorption as a function of
wavelength exhibits sharp excitonic absorption at room
temperature. The heavy hole exciton width is S meV, and
the light hole exciton width is 6 meV. Electroabsorption
measurements at 337 nm yield a change in transmission of
8.8% for an applied field of 7 kV/cm.

The nondegenerate optical mixing geometry is shown
in Fig. 1. The HeNe laser writes the holographic gratings
with two beams that intersect inside the sample between
the two electrodes. The half-angle 0, between the two -
write beams is 8, yielding a grating spacing of 2.2 um in
the quantum well sample. The sample is oriented so that
the write beams enter from the quantum weil side. The
internal gratings are probed by a Spectra-Physics Ti:Sap-
phire laser pumped by a 5 W argon ion laser with tunable
wavelengths between 825 and 845 nm, spanning the exci-
ton absorption. The diffracted signal is detected by a Si
photodiode through a 750 nm longpass filter. Lock-in de-
tection is performed by modulating the applied electric
field on the sample and locking in at the modulation fre-
quency. The photocurrent was monitored to ensure that
there was no Joule heating of the sample.

The thin grating in the 1 um interaction length of the
SIMQW allows Raman-Nath diffraction.” This simplifies
the experiment, because Bragg conditions are satisfied for
all incident probe-beam angles. The probe is directed per-
pendicular to the sample between the electrodes. The dif-
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FIG. 1. Nondegenerate four-wave mixing geometry for measuring the
infrared gratings generated by the HeNe laser. The ac field modulates the

diffraction into the Si detector.

fracted signal in the mth diffraction order is detected at an
angle 8, given by

sin(6p) =2m A'l’ sin(6,,), (1)
HeNe
where 4, is the probe wavelength and m is the diffraction
order. For a probe wavelength of 837 nm, the detection
angle for the first-order diffraction is 8 = 22°. The diffrac-
tion efficiency into the mth order is given by

2wAnL;, iAalL,
(A, cos 0,,) (2 cos Gp)

ﬂm=-’i.

' (2)

where J,, is a Bessel function of the first kind, An and Aa
are the first Fourier components of the excitonic electrore-
fraction and electroabsorption, 6, is the internal angle for
the probe beam (in our case 6,=0), and L, is the
SIMQW thickness. In this letter, we consider diffraction
into the first order. Diffraction from higher orders, or from
second Fourier components, will be discussed elsewhere.

The diffraction efficiency from the first order as a func-
tion of wavelength is shown in Fig. 2 for an applied ac field
of 4 kV/cm at 290 Hz. The points are the experimental
data. The HeNe intensity was 20 mW/cm?, with the probe
intensity at 4 mW/cm?. The solid curve is the predicted
diffraction efficiency based on electroabsorption data and
Kramers-Kronig analysis.® The height of the predicted
curve is fit to the diffraction data, but has no other adjust-
able parameters. The diffraction efficiency reaches a peak
near 837 nm. The positions of the heavy and light hole
excitons are included in the figure. A diffraction efficiency
of 8 10~ is observed near the peak for this electric field
magnitude. This diffraction efficiency is comparable to the
diffraction efficiencies obtained in bulk GaAs for nonreso-
nant excitation,’ in spite of the fact that the interaction
length is four orders of magnitude smaller!

A requirement for any control device is the ability for
a weak control input to control or modulate a strong sig-
nal. Large values for the signal-to-control ratio ///, are
possible using nondegenerate mixing in the photorefractive
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FIG. 2. Diffraction efficiency as a function of wavelength for an applied
field of 4 kV/cm at 290 Hz. The Ti intensity was 4 mW/cm’, and the
HeNe intensity was 20 mW/cm®. The predicted fit is obtained from elec-
troabsorption data and Eq. {2), adjusting only the peak diffraction effi-
ciency to fit the data.

quantum wells. The HeNe pump is absorbed everywhere,
but the Ti probe is absorbed only in the quantum wells.
This isolates the photoconductivity of the probe away from
the space-charge gratings in the barriers, allowing a weak
control beam to control a strong signal beam, analogous to
a weak base current controlling a strong collector-emitter
current in a transistor. The diffracted signal intensity is
expressed as a fraction 7 of the incident probe intensity.
The dependence of the diffracted intensity on the incident
probe intensity and on photoconductivity is given approx-
imately by
iff __ pinc 2
T =11 a1 + o1i/ONH) S (3)

where 7, is the saturation diffraction efficiency at low
probe intensities, and op; and oy, are the photoconductiv-
ities for the probe and pump lasers. The second power de-
rives from the quadratic electro-optic effect.* When the
photoconductivity of the Ti:Sapphire probe laser exceeds
the photoconductivity of the HeNe pump laser every-
where, then the gratings are erased and the diffracted sig-
nal decreases. The diffracted signal as a function of the
Ti:sapphire laser intensity is shown in Fig. 3 for a HeNe
intensity of 2 mW/cm? The data at 837 nm are from the
peak in the diffraction efficiency, and the data at 840 nm
are from the zero-crossing of the electroabsorption on the
low-energy side of the heay-hole exciton. The diffracted
signal goes through a maximum as the probe intensity is
increased. The fivefold increase in the peak probe intensity
on detuning from the exciton resonance reflects the expo-
nential decrease of the absorption coefficient for photon
energies below the band edge.®

A control parameter 8’ (analogous to current gain in a
transistor) can be defined as the ratio of the incident probe
beam intensity to the pump beam intensity for which the
diffracted signal is a maximum. Ideally, 8' should be as
large as possible. An expression for 8 is derived from Eq.
(3) by relating photoconductivity to absorption, giving
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Charge trapped in the AlGaAs barriers cannot be erased directly by the
probe intensity, leading to gratings that persist for probe intensities nearly
100 times larger than the pump intensity. The data at A = 837 nm and
A = 840 nm demonstrate the increasing persistence of the gratings as the
wavelength is detuned from the exciton.

J AHe THe
B,=( e ) ~ AHeOHe (4)
Tyene/ oy, Ani Omi

Based on Eq. (4), the control parameter is 8'=0.5 for the
gratings to be erased in the GaAs wells, where the absorp-
tion is large for both laser wavelengths. However, the pa-
rameters obtained from Fig. 3 are f3,=10 and
B's40 = 50, more than an order of magnitude larger. This is
because the absorption of the probe wavelengths in the
AlGaAs barriers is negligible: a;=1 cm ~ . The infrared
probe laser cannot erase the gratings that are generated in
the quantum well barriers by the visible laser! This situation
is unique to photorefractive multilayer structures. The
pump and the probe beams are absorbed in different por-
tions of the structure. Therefore the space-charge fields
stored in the AlGaAs barriers do not erase with increasing
probe intensity until sufficient carrier density is developed
in the GaAs wells such that appreciable numbers of carri-
ers can overcome the barriers through thermionic emission
or tunneling.

The B factor can be increased further if the barriers
are made wider and if the band-edge discontinuity is in-
creased. This would decrease both tunneling and thermi-
onic emission. Substantial charge could then be stored in
the space-charge gratings in the barriers, relatively unaf-
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fected by the probe beam. More work is necessary to study
the limits of space-charge isolation from the probe photo-
conductivity. In particular, relaxation of the space-charge
through thermionic emission of carriers from the quantum
wells will be strongly temperature dependent, which
should distinguish that relaxation mechanism from tunnel-
ing of the carriers into the barrier. Further applications of
above-band-gap lasers also need to be explored, because in
the thin multilayer structures one is no longer restricted to
use lasers with below-band-gap wavelengths. This opens a
wide new range of flexibility in the engineering of multi-
layer photoretractive materials.

In conclusion, we have demonstrated the use of above-
band-gap laser wavelengths to write holographic gratings
in a semiconductor quantum well structure. The strong
absorption at the HeNe wavelength in GaAs normally
makes it impossible to use this common laser for bulk pho-
torefractive experiments. The thin interaction length of the
SIMQW, on the other hand, allows transmission of the
writing beams, producing intensity gratings throughout the
interaction length. The infrared probe beam is unable to
erase the space-charge gratings generated in the AlGaAs
barrier layers, leading to a significant persistence of the
infrared grating for probe intensities much larger than the
HeNe pump intensity, allowing a weak control beam to
control a strong signal beam.

This work was carried out under NSF grant No. ECS-
9008266. D. D. Nolte would like to acknowledge the Al-
fred P. Sloan Foundation for support. M. R. Melloch
would like to acknowledge support from the Office of Na-
val Research under grant No. N000O14-89-J-1864.
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GaAs buffer layers grown at low substrate temperatures using As,
and the formation of arsenic precipitates
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We have grown GaAs layers by molecular beam epitaxy at low substrate temperatures (250 ° C) using the dimer arsenic source
As;. Following a one hour anneal at 600 ° C, the GaAs layers were examined with transmission electron microscopy. The GaAs layers

contained arsenic precipitates of average diameter 100 A and density of 10" cm

GaAs buffer layers grown by molecular beam
epitaxy (MBE) at low substrate temperatures (LT-
BLs) have been attracting attention because they
can be used to eliminate sidegating in field effect
transistors (FETs) [1-3]. In addition, the layers
which are grown at normal substrate temperatures
on top of LTBLs exhibit extremely high electrical
quality (4]. By growing at low substrate tempera-
tures, excess arsenic is incorporated into these
buffer layers {5). Raising the substrate temperature
back to normal growth temperatures results in the
excess arsenic forming precipitates [6]. These ar-
senic precipitates then act as buried “Schottky
barriers™ whose overlapping depletion regions re-
nder the material semi-insulating (7). What is truly
remarkable is that the GaAs material between the
Schottky barriers exhibits mobility indicative of
“normal” GaAs [8]. This combination of buried
Schottky barriers in high quality GaAs makes
LTBLs an excellent material for optoelectronic
applications {8,9]. Previously. all LTBLs have been
grown using the tetramer arsenic source As,. Using
an LTBL grown with the dimer arsenic source As,
as the photoconductive material in a broad-band

-3

receiver, we have been able to generate and detect
electrical pulses with full width at half maximum
of 0.71 ps [8). In this paper we describe the growth
of LTBLs using the dimer arsenic source, present
transmission electron microscopy (TEM) analysis
of these LTBLs, and compare LTBLs grown with
As,, and As,.

The films used in this work were grown in a
Varian GEN II MBE system on 2-inch diameter
undoped semi-insulating liquid-encapsulated
Czochralski (100) GaAs substrates. The substrates
were degreased, etched in a2 60°C solution of
5:1:10f H;SO:H,0,: H,0 for 1 min and placed
in non-bonded substrate mounts. The substrates
were outgassed for 2 h at 200°C in the entry
chamber of the MBE, moved to the buffer cham-
ber where they were outgassed for 1 h at 300°C,
and then loaded i~to the growth chamber. In the
growth chamber, eaci. sample was heated 10 615°C
for 2 min (the surface axides desorbed at 580°C)
and then lowered to the initial growth temperature
of 600°C.

The growth rate for all layers was 1 um/h. For
samples grown witl: As, the group V to group 111
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beam equivalent pressure was Zz. For samples
grown with As, the group V to group III, beam
equivalent pressures were 16. Initially, 0.75 pm of
undoped GaAs was grown. Then the substrate
temperature was lowered from an actual tempera-
ture of 600°C to a thermal couple reading of
250°C during the growth of the next 0.25 um of
GaAs. (At the actual temperature of 600°C, the
thermocouple reads in the neighborhood of
700° C.) After reaching a thermocouple reading of
250°C, 1 pm of undoped GaAs was grown. The
substrate temperature was then ra.nped back to
600°C during the growth of the next 500 A of
GaAs. After attaining the normal growth tempera-
ture of 600°C, an additional 100 A of undoped
GaAs was grown. This was followed by an in-situ
anneal in the As, or As, flux for 1 h at 600°C.
The substrate was rotated at 5 rpm during the
growth of all layers and during the one hour
600 ° C anneal.

The TEM examunation of LTBLs grown with
As, and As, was performed by using a JEM 2000
EX electron microscope. For the examination,
[011] cross-sectional samples were prepared by the
ion thinning technique. TEM images of both LT-
BLs have shown the existence of a large number
of As precipitates, the appearance of which is
similar to that observed in our earlier study [6].
Figs. 1a and 1b are bright field images taken from
LTBLs grown with As, and As,, respectively. The
two images were taken under identical conditions;
cross-sectional samples were tilted from the [011]
axis by a few degrees to excite only one of the
(111) type reflections. This condition gives rise to
broad dark and bright bands of thickness contours
in the images, which were used for the estimation
of thicknesses of the observed areas. The small
spacing of thickness contours in fig. 1b is caused
by a large change of the thickness across the
observed area of the sample. In the images, As
precipitates appear with either dark or bright con-
trasts, depending on their locations with respect to
those of the thickness contours. As seen in the two
images, the sizes of the As precipitates are dis-
tinctly different between the two LTBLs; the aver-
age diameter of the precipitates in fig. 1a is 100 A,
while that in fg. 1b is 50 A. Observations of other
parts of the two LTBLs also showed this same

a""w_-.—-w .

500 &

Fig. 1. Bnght field images of cross-sectuonal samples of the
LTBLs grown with 14y Ax. and (b) AN,

difference in sizes of As precipitates. All observed
precipitates in the LTBL grown with As; appear
as nearly spherical puarucies. However the
boundaries between the As precipitates and the
GaAs for manyv ot the large preapitates m the
LTBL grown with As. exhibited flat sections. sug-
gesting the formation of low energy beundartes
along certain crvstallographic planes. Figo 2 s a
high magmificanon bright field image ~showing such
precipitates 1n the LTBL gzrowa with A~. in the
irtage in fig. 2. many of the preapitates exhibit
moire fringes.

Densities of the As precipiiates were estimated
from the bright fickd imazes The thicknesses of
the estimated areas were deternuned by using the
exunction distance - 370 A i GaAs tor the o1
reflecuon of 200 KV clecirons bsumated densities
are on the order ot 10 e por both LTBL~. No
significant ditference i the density of precipitates
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500 A

Fig. 2. High magnification bright field image of As precipitates
in the LTBL grown with As,.

was observed between the two samples, although
the estimated density for the LTBL grown with
As, appears to be slightly greater than that for the
other LTBL. Since arsenic precipitates play a key
role in the electrical properties of LTBLs (7],
LTBLs grown with As, and As, should exhibit
similar electrical characteristics due to the similar
densities of arsenic precipitates. Recently, similar
electrical properties for GaAs LTBLs grown using
dimer and tetramer arsenic sources have been
observed [10,11].

In comparing the two film growths used in this
work, the film grown with As, had a slightly
higher arrival rate of As atoms than the film
grown with A, as determined from the measured
beam equivalent pressures for As, and As,, and
taking into account the variation in sensitivity of
an ion gauge due to the difference in number of
electrons in the two molecules {12]. However, we
find that the volume fraction of the elemental As
phase in the LTBL grown with As,, is signifi-
cantly greater than that in the LTBL grown with
As,, indicating a higher incorporation efficiency
of As,, than that of As,. The larger sizes but the
similar density of As precipitates in the LTBL
grown with As,, compared to those in the LTBL
grown with As,, may be explained by assuming
that the ev ‘ution process of As precipitates in
these two samples had already entered the coar-
sening stage due to the relatively long period of
annealing; nearly all excess As was already incor-
porated in precipitates in these two LTBLs. This
assumption may explain the high quality of the

GaAs matrix in these LTBLs [8). In order to
confirm these explanations, however, one needs to
carry out further systematic study on the precipi-
tation process of As in LTBLs.

In summary. we report the growth of GaAs
LTBLs by MBE using the dimer arsenic source
As,. We have observed the formation of arsenic
precipitates in these LTBLs. TEM analysis of the
LTBLs indicates an average As precipitate diame-
ter of 100 A and a density in the range of 10"’
cm™? for the growth conditions used (beam equiv-
alent pressure of As, to Ga of 22, a substrate
temperature thermocouple reading of 250°C, and
followed by a one hour anneal at a temperature of
600°C in the As, flux). We have also found that
the incorporation of As in LTBLs is much more
efficient when As, is used rather than As4 during
molecular beam epitaxy.

The work at Purdue University was partially
funded by the Office of Naval Research under
grant No. N00014-89-J-1864. M.R. Melloch would
like to thank Dr. George N. Maracas of Arizona
State University for preprints of LTBL work per-
formed at ASU.
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GaAs epilayers which are grown by molecular-beam epitaxy under *normal” group IT1I-V fluxes
but at very low substrate temperatures contain as much as 1% excess arsenic. Upon annealing
these cpilayers at a temperature of 600 °C, the excess arsenic forms precipitates. We have
undertaken a systematic study of the substrate growth temperature dependence of this
incorporation of excess arsenic in both GaAs and Aly; Ga, , As epilayers. The substrate growth
temperature was varied in increments of 25 °C from 225 to 375 °C after every 0.25 um of film
growth for a GaAsand an Al , Ga, ; As epilayer. Both epilayers were grown using a dimer arsenic
source and a group V to total group III beam equivalent pressure ~ 20. After growth the films
were annealed for 1 h in the As, flux at a temperature of 600 °C. Cross-sectional samples were
than prepared by the ion thinning technique and examined by transmission electron microscopy
(TEM). Both epilayers contained arsenic precipitates; this is the first observation of arsenic
precipitates in an Al,,Gag,As epilayer. The density of the arsenic precipitates in the two
epilayers had a strong dependence on substrate growth temperature. Details of the film growth

and of the TEM observations are reported.

l. INTRODUCTION

GaAs epilayers grown by molecular-beam epitaxy (MBE)
at low substrate temperatures (200-300 °C) have attracted
much attention since Smith ef al.! used such low tempera-
ture buffer layers (LTBLs) to virtually eliminate sidegating
in GaAs metal-semiconductor field effect transistors
{MESFETs). Remarkably, epilayers grown at normal sub-
strate temperatures (600 °C) on top of these LTBLs exhibit
normal film characteristics. In fact we have observed a mo-
bility of 2 10° cm?*/V s at a temperature of 4.2 K for a
modulation-doped two-dimensional electron gas which was
grown on top of a GaAs LTBL.? LTBLs are rapidly finding
additional device applications. Yin et al.> have utilized a
LTBL on top of a MESFET structure to obtain a substantial
improvement in the gate-to-drain breakdown voltage.
LTBLs have also been shown to be fast photoconductors and
have been utilized as the photoconducting material in sever-
al fast pulse generation systems.*®

Kaminska ef al.”® have observed that LTBLs contain as
much as 19%-1.5% excess arsenic and that the as-grown
LTBL has a 0.1% increase in lattice parameters due to this
excess arsenic. However upon annealing the LTBL at
600 °C, which occurs if one grows an epilayer at normal sub-
strate temperatures on top of the LTBL, the lattice constant
decreases to that characteristic of GaAs.”® This relaxation
of the the lattice constant occurs due to the excess arsenic
precipitating from the LTBL during the anneal.>"!' We have
previously reported details of transmission electron micros-
copy (TEM) studies of LTBLs grown at a substrate tem-
perature of 250 °C using both the tetramer arsenic source
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As, and the dimer arsenic source As,.'>'* (Note Puechner
et al.'* have observed comparable electronic properties for
GaAs LTBLs grown using dimer and tetramer arsenic
sources.) The density we observed for the arsenic precipi-
tates was on the order of 10'” cm ~ > with an average diameter
in the range of 30-100 A, indicating most of the excess ar-
senic precipitates out of the LTBL. Therefore the arsenic
precipitates must play a dominant role in the properties of
annealed LTBLs,'® and it is very important to understand
the parameters which control the precipitate formation. Be-
sides GaAs LTBLs, researchers are investigating the growth
of other II1-V materials at low substrate temperatures.'®'’
In this paper we investigate the substrate growth tempera-
ture dependence of the incorporation of excess arsenic in
GaAs and in Al Ga,, As.

I. FILM GROWTH

The films used in this study were grown in a Varian GEN
II MBE system on 2 in. diam undoped GaAs substrates. The
substrates were degreased, etched for 1 min in a 60 °C solu-
tion of 5:1:1 H,S0,:H,0,:H,0 and placed in nonindium
mounts. The substrates were then loaded on a trolley and
placed in the entry chamber of the MBE system where they
were outgassed for 2 h at 200 °C before being introduced into
the buffer chamber of the MBE system. Liguid nitrogen was
circulated through the radial vane and cryoshrouds of the
growth chamber starting 2 h before film growth. The sub-
strates were outgassed at 350 °C for 1 h on a heater station in
the buffer chamber immediately before being loaded into the
growth chamber.

© 1991 American Vacuum Society 2328
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Two films were grown for this work, one containing a low
temperature (LT) GaAs epilayer and the other a LT
Al,,Ga,,As epilayer. The arsenic source used was the
dimer As, which has been reported to be a more efficient
source for arsenic incorporation in a LTBL than the te-
tramer source As,.'* Two Ga effusion furnaces were used so
that the Al, , Ga, , As epilayer was grown at the same rate as
the GaAs epilayer accomplished by closing the shutter to
one of the Ga effusion furnaces while opening the shutter to
the Al effusion furnace; the growth rates were 1 um/h. The
beam equivalent pressures (bep) of the arsenic to the total
group I1I flux was 23 for the growth which contained the LT
GaAs epilayer and 21 for the growth which contained the
LT Al ,Ga,,As epilayer; the beps were measured with an
ion gauge placed in the substrate growth position. The sub-
strate was rotated at 5 rpm during the film growth and the
subsequent anneal in the As,; flux.

Initially 0.75 um of undoped GaAs was grown at a sub-
strate temperature of 600 °C. While still growing GaAs, the
substrate temperature was reduced to 225 °C for the film
which would contain the LT GaAs epilayer and t0 250 °C for
the film which would contain the LT Al ; Gay , As epilayer.
This GaAs temperature transition region was 0.25 um thick.
In the case of the LT GaAs epilayer the procedure was to
then grow 0.25 um of GaAs at a substrate temperature of
225 °C, raise the substrate temperature to 250 °C and grow
an additional 0.25 um of matenial. This procedure was con-
tinued, incrementing the substrate temperature by 25 °C and
growing 0.25 um of material, up to a substrate temperature
of 375 °C. After growing the 0.25 um of material at 375 °C,
the substrate temperature was ramped to 600 °C during the
growth of the next 500 A of GaAs, an additional 200 A of
GaAs was grown, and the Ga effusion furnace shutters were
closed to end the growth. The sample was then maintained at
a substrate temperature of 600 °C for 1 h under the As, flux.

In the case of the film which contained the LT
Aly , Ga, , As epilayer, after growing the 0.25 um GaAs tem-
perature transition region the shutter to one of the Ga effu-
sion furnaces was closed and the shutter to the Al effusion
furnace was opened. A similar procedure was then followed
for the LT Al ,Gag, As epilayer as described above for the
LT GaAs epilayer. After each increment of 25 °C in sub-
strate temperature 0.25 um of Al, ; Ga, ; As was grown up to
a substrate temperature of 375 °C. After growth of the 0.25
umof Al , Ga, ; As at a substrate temperature of 375 °C, the
aluminum shutter was closed and the shutter reopened to the
second Ga effusion furnace. The temperature was ramped to
600 °C during the growth of the next 500 A of GaAs, an
additional 200 A of GaAs was grown, and the growth was
then terminated by closing the shutters to the Ga effusion
furnaces. The Al, , Ga, , As epilayer was then annealed for 1
h at 600 °C in the As, flux.

Iil. RESULTS

Both the LT GaAs and the LT Al ,Ga,,As epilayers
were examined by cross-sectional transmission electron mi-
croscopy (XTEM). For the examination, (011) cross-sec-
tional samples were prepared by Ar ion thinning at low tem-

J. Vac. Sci. Technol. B, Vol. 9, No. 4, Jul/Aug 1991

£I4&®

FIG. 1. Bright field image of the LT GaAs epilayer. The temperature transi-
tion region is indicated by an arrow.

peratures and observed by using a JEM 2000EX
transmission electron microscope. Arsenic precipitates were
observed in the TEM images of both the LT GaAs and the
LT Al,,Ga, , As epilayers. Figure 1 is a bright field image of
the LT GaAs including areas of all substrate growth tem-
peratures from 225 to 375 °C. The arsenic precipitates ap-
pear as tiny dark spots in this bright field image. As seen in
this image, the density of the arsenic precipitates rapidly
decreases with the increase in the substrate growth tempera-
ture.

Shown in Fig. 2 is a dark field image of the LT

F1G. 2. Dark field image of the LT Al,.Ga,.As epilayer. The boundary
between the LT Al, ,Ga, - As layer and the temperature transition region of
the GaAs buffer is indicated by an arrow  The upper side of the image s the
LT Al,,Gay, As layer.
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Fi1G. 3. Weak beam dark field image of the LT GaAs layer grown at a
substrate temperature of 250 °C.

Al,;Ga,, As which was taken by using a 111 reflection of
the Al ; Gag; As. The area shown t Fig. 2 includes the tem-
perature transition region of the GaAs buffer and the
Aly;Ga,, As layer grown at 250 °C. The TEM images as
well as the diffraction spots of the arsenic precipitates in the
LT Al,,Gay,As epilayer are identical to those in the LT
GaAs epilayer.'? Weak diffraction spots resulting from pre-
cipitates appear near 111 diffraction spots of the
Al , Ga, , As crystal, similar to those observed in diffraction
patterns of the LT GaAs layer. These weak spots were iden-
tified as 102 spots of elemental arsenic having a hexagonal
structure. The change in the density and sizes of the arsenic
precipitates with substrate growth temperature also appear
to be similar between the two LT epilayers. One interesting
observation was made regarding the distribution of arsenic
precipitates in the LT Al, , Ga, ; As. A significant change in
density of arsenic precipitates was found at the boundary
between the LT Al ;Gay,As and the temperature transi-
tion region of the GaAs buffer layer despite nearly equal
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growth temperatures on both sides of the boundary. As seen
in Fig. 2, the density of arsenic precipitates is much higher on
the GaAs side of the boundary than on the Al, , Ga, , As side
where a narrow precipitate-free band exists along the bound-
ary. This observation suggests that excess arsenic atoms may
have migrated from the LT Al,,Ga,, As layer to the GaAs
buffer during the anneal or during the growth of the epilayer.

Quantitative analyses of sizes and densities of arsenic pre-
cipitates in the LT GaAs epilayer were carried out by using
weak beam dark field images. Figure 3 is an example of the
weak beam dark field images used for the analysis, which
includes a layer grown at 250 °C. For each growth tempera-
ture, sizes and the number of arsenic precipitates in a rectan-
gular area with edge lengths of 0.12X0.16 um were mea-
sured using an EYECOM image analyzer. The average
thicknesses of the measured areas for all growth tempera-
tures were kept constant by placing the rectangular area on
the same thickness contours of the weak beam dark field
images. Only arsenic precipitates which exhibit distinct
bright contrast or clear moire fringes in the images were
included in the measurements. Table I lists the results of two
independent sets of measurements from one thin area of the
sample. The two sets of measurements were made by using

two different reflections, 111 and 1 11, for weak beam dark
field imaging. A volume for each precipitate was estimated
by assuming a spherical shape. Volume fractions as well as
densities of arsenic precipitates which are listed in Table [
are relative values for different growth temperatures because
of the inclusion of only a portion of the arsenic precipitates in
the measurement. Figure 4 is a representation of the result-
ing size distribution of the arsenic precipitates. As seen in
Fig. 4, the distribution has one well-defined maximum with
relatively narrow spreading towards both sides. For each
temperature, the diameter corresponding to the distribution
maximum was found to be nearly equal to the average value
of the diameters. Results of two sets of measurements show
that the density of arsenic precipitates and their volume frac-
tion rapidly decrease with the increase in substrate growth
temperature. The average diameter, on the other hand, re-

TABLE 1. Two independent measurements of arsenic precipitate density and average diameter as a function of substrate growth temperature, and the
corresponding volume fraction of arsenic in precipitates. The densities and hence the volume fractions are relative values because only a portion of the arsenic

precipitates were included in the measurements.

Measurement set No. |

Measurement set No. 2

Volume Volume
Temperature Density Diameter fraction Density Diameter fraction
°C) (x10"cm ") (A) (x10™Y) (x10"em ™9 (A) (x10 "
223 43 74 3.410 kN 70 203
250 39 5 0.951 2.8 52 0.676
278 1.7 61 0.635 1.3 62 0.667
300 0.78 76 0.556 0.78 St 0.212
328 0.52 46 0.077 0.39 45 0.051
350 0.39 29 0.016
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F1G. 3. Weak beam dark field image of the LT GaAs layer grown at a
substrate temperature of 250 °C.

Al,; Ga,; As which was taken by using a 111 reflection of
the Al, ; Ga,, As. The area shown I Fig. 2 includes the tem-
perature transition region of the GaAs buffer and the
Al, ;Gag, As layer grown at 250 °C. The TEM images as
well as the diffraction spots of the arsenic precipitates in the
LT Al,,Ga,,As epilayer are identical to those in the LT
GaAs epilayer.'? Weak diffraction spots resulting from pre-
cipitates appear near 11 diffraction spots of the
Al, ,Ga, , As crystal, similar to those observed in diffraction
patterns of the LT GaAs layer. These weak spots were iden-
tified as 102 spots of elemental arsenic having a hexagonal
structure. The change in the density and sizes of the arsenic
precipitates with substrate growth temperature also appear
to be similar between the two LT epilayers. One interesting
observation was made regarding the distribution of arsenic
precipitates in the LT Al, ; Ga, ; As. A significant change in
density of arsenic precipitates was found at the boundary
between the LT Al,;Ga,;As and the temperature transi-
tion region of the GaAs buffer layer despite nearly equal
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growth temperatures on both sides of the boundary. As seen
in Fig. 2, the density of arsenic precipitates is much higher on
the GaAs side of the boundary than on the Al , Ga,, , As side
where a narrow precipitate-free band exists along the bound-
ary. This observation suggests that excess arsenic atoms may
have migrated from the LT Al,,Ga, , As layer to the GaAs
buffer during the anneal or during the growth of the epilayer.

Quantitative analyses of sizes and densities of arsenic pre-
cipitates in the LT GaAs epilayer were carried out by using
weak beam dark field images. Figure 3 is an example of the
weak beam dark field images used for the analysis, which
includes a layer grown at 250 °C. For each growth tempera-
ture, sizes and the number of arsenic precipitates in a rectan-
gular area with edge lengths of 0.12X0.16 um were mea-
sured using an EYECOM image analyzer. The average
thicknesses of the measured areas for all growth tempera-
tures were kept constant by placing the rectangular area on
the same thickness contours of the weak beam dark field
images. Only arsenic precipitates which exhibit distinct
bright contrast or clear moire fringes in the images were
included in the measurements. Table I lists the results of two
independent sets of measurements from one thin area of the
sample. The two sets of measurements were made by using

two different reflections, 111 and 1 11, for weak beam dark
field imaging. A volume for each precipitate was estimated
by assuming a spherical shape. Volume fractions as well as
densities of arsenic precipitates which are listed in Table I
are relative values for different growth temperatures because
of the inclusion of only a portion of the arsenic precipitates in
the measurement. Figure 4 is a representation of the result-
ing size distribution of the arsenic precipitates. As seen in
Fig. 4, the distribution has one well-defined maximum with
relatively narrow spreading towards both sides. For each
temperature, the diameter corresponding to the distribution
maximum was found to be nearly equal to the average value
of the diameters. Results of two sets of measurements show
that the density of arsenic precipitates and thetr volume frac-
tion rapidly decrease with the increase in substrate growth
temperature. The average diameter, on the other hand, re-

TABLE L. Two independent measurements of arsenic precipitate density and average diameter as a function of substrate growth temperature, and the
corresponding volume fraction of arsenic in precipitates. The densities and hence the volume fractions are relative values because only a portion of the arsenic

precipitates were included in the measurements.

Measurement set No. |

Measurement set No. 2

Yolume Volume
Temperature Density Diameter fraction Density Diameter fracnhon
) (x10"%cm™") (A) (x107%) {x 10" cm ") (A) (x10
228 43 74 3410 31 70 2.03
250 39 5s 0.951 2.8 52 0.676
275 1.7 61 0.635 1.3 62 0.667
300 0.78 76 0.556 0.78 51 0.212
325 0.52 46 0.077 0.39 45 0.051
330 0.39 29 0.016
-
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FIG. 4. Size distribution of arsenic precipitates in the GaAs layer grown ata
subatrate temperature of 250 °C.

mains at roughly the same value except for the two highest
growth temperatures. Further studies on the precipitation
process of excess arsenic during the annealing are required to
understand the dependencies of the precipitate diameter and
density on the growth temperature.

Plotted in Fig. 5 is the natural logarithm of the volume
fractions of arsenic precipitates versus the inverse value of
the substrate growth temperature. The plot is linear resem-
bling an Arrhenius-type relationship, as indicated by the
straight line in the figure. The slope of the straight line corre-
sponds to an energy of 0.87 eV. Similar results were obtained
from both sets of measurements. Note that the volume frac-
tion of arsenic precipitates in an annealed LT GaAs epilayer
approximately corresponds to a degree of nonstoichiometry
of an as-grown LT GaAs epilayer, i.e., a concentration of
excess arsenic atoms. It is interesting to point out that the
temperature dependence of nonstoichiometry in an equilib-
rium system normally obeys an Arrhenius-type relationship
but is opposite to that observed in the present study; the

-5 T T T
.6 F E. = 0.87 eV for -
7 the linear curve fit
- - . =g
2—u. '8 r' 4
: .9 - -
-10 P 1 -
.1 1 =3 ﬂ
-1 2 1 L [
1.4 1.6 1.8 2 2.2
1000/T (K')

F1G. 5. Plot of the natural logarithm of the voiume fraction of arsenic pre-
cipitates vs inverse substrate growth temperatures
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degree of nonstoichiometry increases with the temperature
in an equilibrium system. One possible explanation for the

present observation is as follows. The adsorption of excess

arsenic occurs first at a growing surface of a GaAs epilayer
for all substrate growth temperatures and is followed by
thermally activated recovery processes towards a stoichio-
metric surface. A degree of nonstoichiometry of an as-grown
layer and, hence, a volume fraction of arsenic precipitates in
an anncaled layer are determined by these recovery pro-
cesses. One such process could be re-evaporation of excess
arsenic atoms from the growing surface. Under the MBE
conditions used in this work, including those of the LTBLs,
evaporation of As atoms from a GaAs crystal is known to be
negligible. In the present case, however, excess As atoms
have to occupy high energy sites such as antisites and hence,
are likely to evaporate more easily even at low temperatures.
The fact that the “activation energy” estimated from Fig. 5 is
comparable to the nearest-neighbor anion—cation bond ener-
gy of GaAs'® and considerably lower than experimental val-
ues ( ~4.6eV) of the activation energy for re-evaporation of
GaAs'®? supports the aforementioned explanation. The
present results, therefort, suggest that valuable insights of
surface atomic processes of the MBE of GaAs can be ob-
tained from a study of arsenic precipitates in LT GaAs lay-
ers. A further detailed study on the temperature dependence
of the volume fraction of As precipitates is underway to clar-
ify underlying atomic processes and will be reported in a
separate paper.

1IV. SUMMARY

In summary, we have investigated the substrate growth
temperature dependence of the incorporation of excess ar-
senic in both GaAs and Aly,Ga,, As epilayers grown by
MBE. By annealing the films after growth at 600 °C for 1 h,
the excess arsenic precipitates and can then be observed with
TEM. Arsenic precipitates were observed in both the LT
GaAs and the LT Al ;Ga,,As epilayers. This is the first
reported observation of arsenic precipitates in Al ; Gag; As
epilayers. The density of the arsenic precipitates was found
to decrease with increase in substrate growth temperature.
The average diameter, on the other hand, remains at roughly
the same value over the substrate growth temperature range
of 225-325 °C and then begins to decrease for higher growth
temperatures. TEM studies of arsenic precipitates in an-
nealed LTBLs may prove to be a valuable tool for studying
surface atomic processes of the MBE of GaAs.

ACKNOWLEDGMENTS

The work at Purdue University was partially supported by
the Office of Naval Research under Grant No. N00014-89-J-
1864.

'F. W. Smith, A. R. Calawa, Chang-Lee Chen, M. J. Mantra, and L. J.
Mahoney, IEEE Electron. Device Lett. EDL-9, 77 (1988).

IM. R. Melloch, D. C. Miller, and B. Das, Appl. Phys. Lett. 54, 943
(1989).

'L.-W. Yin, Y. Hwang, J. H. Lee, R. M. Kolbas, R. ). Trew, and U. K.
Mishra, IEEE Electron. Device Lett. EDL-11, 561 (1990).

i
J




Two-wave mixing in photorefractive AlGaAs/GaAs quantum welis
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We have observed two-wave mixing in semi-insulating AlGaAs/GaAs muitiple quantum well
structures at wavelengths near the exciton absorption. The photorefractive index

changes are caused by the Franz-Keldysh effect on quantum-confined excitons. Photorefractive
gains larger than 200 cm ~ ! are obtained for the first time at wavelengths near 836 nm

using stationary fringes and dc applied fields up to 5 kV/cm. The direction of energy transfer
between the two beams is determined by the direction of applied electric field.

The photorefractive effect in a variety of materials has
been studied extensively.! Semiconductors have gained in-
creased interest because of their faster response rate over

. ferroelectrics and because of their infrared sensitivity.
However, the gain coefficient of two-beam coupling ob-
tained in bulk semiconductors, relying on the linear elec-
tro-optic effect, is small. Quadratic electro-optic effects can
be large for strong fields. Recently, two-beam coupling has
been performed relying on the combination of linear elec-
tro-optic and quadratic Franz-Keldysh effects. A gain of
19 cm ' was obtained? in bulk InP:Fe, using band-edge
resonance and temperature stabilization. The Franz-
Keldysh effect at room temperature is especially strong for
quantum-confined excitons,” which can be several orders of
magnitude larger than the linear electro-optic effect for
large fields.* The advantage of this large electro-optic effect
in semi-insulating multiple quantum wells (SIMQWSs) has
been demonstrated in four-wave mixing measurements.*
Here we show that it is possible to generate a large energy
transfer with two-wave mixing in a SIMQW, without using
moving fringes™ or ac fields.®

The samples used in the experiment were grown by
molecular beam epitaxy (MBE) on a GaAs substrate. The
multiple quantum well structure (MQW) is sandwiched
between a cap of AlGaAs and an AlGaAs stop-etch layer,
which are transparent at the wavelengths near the of quan-
tum-confined exciton absorption. The MQW consists of 60
periods of alternating GaAs wells (75 A thick) and
Aly ;Gag,As barriers (100 A thick). The samples were
proton implanted using 160 keV protons at a dose of 10'%/
cm? from the AlGaAs cap side. The implanted side of the
samples were epoxied to a glass slide and the GaAs sub-
strate was removed with a selective etch. The samples were
proton implanted again with the same dose and implant
energy from the etched side so that the entire sample be-
came semi-insulating. Two gold strips were evaporated on
the stop-etch layer with a separation of 1 mm. A field
parallel to the MQW is generated when a voltage is applied
across the two electrodes, and the exciton absorption is
altered by the Franz—Keldysh effect. The quantum-con-
fined stark effect is not present in this geometry.

In our two-beam coupling measurement, the SIMQW
is illuminated symmetrically with respect to the normal
vector of the quantum well (QW) plane by two coherent
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laser beams. Each beam is s-polarized perpendicular to the
plane of incidence and parallel to the QW layers. The
fringe spacing of the interference pattern is A = 4/2 sin 6,
where A is the laser wavelength in air, 26 is the intersection
angle between two laser beams, and the fringe spatial fre-
quency is K = 2n/A. The total electric field inside the
sample parallel to the MQW is E=Re[E,+ E,
Xexp(iKx + ¢)], where E,_ is a space-charge field gener-
ated from the interference pattern of two laser beams, E; is
the external dc applied field, and ¢ is the shift of the elec-
tric ficld relative to the interference fringes. The space-
charge field E,. is nonzero only when both beams are
present. A dielectric index grating is generated by the
space-charge field through the Franz-Keldysh effect. In
the Franz-Keldysh geometry, the linewidth of the exciton
absorption is broadened by the field-ionization process.
This effect does not depend on the sign of the electric field,
only on its magnitude. To lowest order, the electroabsorp-
tion is therefore quadratic in electric field strength. In a
quadratic electro-optic effect, the absorption and index
changes Aa and An are given by

Aa= — (2m/A)n’s,E?,
An= —{n’E?,

where s, and s, are quadratic electro-optic coefficients, and
where the square of the field is given by

E?=(E2+ 0.5EL) + 0.5EZ cos (2Kx + 2¢)

— 2E\E, cos(Kx + ¢). (2)

In ihe first term of Eq. (2), the screening field results in an
average electroabsorption, which we describe below. The
second term in Eq. (2) results in diffraction signals from a
grating with twice the spatial frequency of the interference
fringes, which will be described in a separate paper. The
third term represents the field grating that allows two-
beam coupling.

In the thin grating limit, the beam coupling is given by

AaL cos ¢
1,+=[1|(1 -—&EL)-{» "”112(+2_00?T

2nAnL sin ¢)

(D

Tcoso )| 3)
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FIG. 1. Schematic of the two-wave mixing experiment. The beam cou-
pling direction is defined by the direction of the applied electric field.

_ Aal cos ¢
L= [Iz(l —agl) + \/Illz( + EY™VE

4)

27AnL sin ¢
~ Acos® )] ’

where I+ and I;* are the transmission intensities of the
two beams when both are present, and I, and I, are the
transmission intensities of the two beams in the absence of
the other beam. The thickness of the sample is L, and &' is
the internal angle. The phase shift of E,_ with respect to the
interference pattern is given by ¢. Note that the terms
involving electroabsorption are symmetric for beams 1 and
2, while the terms involving the electrorefraction are asym-
metric. The interaction between the two laser beams results
in three terms: one term describing the average electroab-
sorption change, another describing the electroabsorption
grating, and the third term describing an energy exchange
due to the refractive index grating. The average electroab-
sorption change because of E,. is denoted by @z which
arises because of the *“‘corrugation” of the index due to the
E,. portion in the first term in Eq. (2) when both beams
are present. The average electroabsorption &z is zero for
the linear electro-optic effect.

The geometry of our experiment is shown in Fig. 1.
The measurements are performed by monitoring the inten-
sity modulation of one transmitted beam as the other beam
is mechanically chopped at a frequency of 290 Hz. A dc
electric field of 5 kV/cm is applied, with the positive di-
rection indicated in Fig. 1. The intersection angle between
the laser beams is 20 = 10.4°, giving a fringe spacing of 4.6
pm for a wavelength of 840 nm. The infrared light source
is a Spectra-Physics Ti:sapphire laser which is tunable
across the exciton absorption between 800 nm and 850 nm.

To study the energy transfer and electroabsorption
properties of beam coupling, the mixing signals of both
beams were measured. The intensities of both incident
beams were approximately equal (0.1 W/cm?). When the
direction of applied fleld is reversed, the phase shift ¢
changes sign in Egs. (3) and (4), in contrast to the linear
electro-optic photorefractive effect.! The net energy trans-
fer is obtained by reversing the direction of the applied
electric field, and detecting the change in the modulation of
the signal. The energy transfer for the quadratic Franz-
Keldysh effect in thin gratings is given by
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FIG. 2. The coherent effective electroabsorption coefficient Aa g of the
two-wave mixing experiment for a dc field of £= 5 kV/cm, compared
with the incoherent differential transmission data for an ac applied field of
0-5 kV/cm.

VIP(E)—IF(—E) (I,)\"?2rAnLsin ¢
Y—E 11 —(1‘) Acos @
(5)

Assuming E is proportional to the modulation index m of
light intensity (as it is for bulk materials), then An is
proportional to m because the third term in Eq. (2) is a
linear function of E,_. The above equation can therefore be
expressed as

y=(B/1+B)TL, (6)
where

4rAn,, sin ¢

= Tcost ™

An,, is the maximum amplitude of the refractive index
grating, and B8 = I,/I, is the beam intensity ratio. It is
convenient to define an effective electroabsorption coeffi-
cient Aa.q which combines all the electroabscrption terms
in Egs. (3) and (4), which are measured experimentally as '
the symmetric part of the modulated signal. The effective
electroabsorption is defined by

VIF(E) + I} (= E)

3 A (8)

The effective electroabsorption coefficient Aa.q caused by
the mixing is plotted in Fig. 2, compared with the incoher-
ent differential transmission measured with a single beam
for an external 0-5 kV/cm ac field. Notice that the differ-
ential transmission and the effective electroabsorption have
the same sign, which may appear counterintuitive. This is
because the second term in Eqs. (3) and (4), which rep-
resents diffraction by the absorption grating, wins out over
the increase in absorption from the average electroabsorp-
tion &g Therefore, there is a net decrease in the overall
absorption because of the coherent interference between
the two beams.
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FIG. 3. Two-wave mixing photorefractive gain (data), and refractive
index modulation (solid line) as a function of photon energy. The refrac-
tive index modulation is obtained from the Kramers—Kronig transforma-
tion of the incoherent differential transmission data from Fig. 2. The
" relative signs in the figure are set by the electric field direction in Fig. 1.

The gain I is shown in Fig. 3, compared with the
electrorefraction data derived from the Kramers-Kronig
analysis of the incoherent differential transmission data in
Fig. 2. The result is in good agreement with the prediction
in Egs. (3) and (4), giving unambiguous evidence for pho-
torefractive gratings in this coupling process. For the ap-
plied field of 5 kV/cm in the sample of Fig. 3, gains larger
than 200 cm ~ ! were observed. Gains as large as 400 cm ~!
have been observed in other samples under similar condi-
tions. No gain is observed when the writing beams are
cross polarized with respect to each other. The gain ob-
tained corresponds to a refractive index modulation of
An=2Acos @T /(27 sin ¢). Assuming this refraction in-
dex modulation is the same as the An in Fig. 3, we find &
phase shift of ¢ = + 30°. It is worth mentioning that the
maximum gain obtained in our measurement is more than
ten times larger than the previous maximum gain obtained
in a semiconductor.’

In bulk photorefractive materials, in order to have a
significant phase shift, the applied field should be either
much smaller than the diffusion field E,; or comparable
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with the maximum internal field modulation, which is lim-
ited by the space-charge density N, and the defect occu-
pancy f in the expression E_,, = ef(1 — f)N/(Kee).
When a single photocarrier dominates, the phase shift is
given by’ ¢ =tan~! (E/E,,,), for an applied field E. If
the phase shift of the grating is generated by spacecharge
limitation, an estimate of N, can be made from the above
formula, which yields ¥,=10"/cm? for the defect occu-
pancy. However, such a small ¥, is far below the expected
defect density according to Eq. (A1) in Ref 10. Each pro-
ton is expected to §cncrate 40 displaced atoms, which
yields N, = 10'7/cm’. Because of this discrepancy, we can-
not rule out other mechanisms for the phase shift that may
be related to the multilayer structure. More work is neces-
sary to resolve the origin of the phase shift.

In conclusion, we have performed two-beam coupling
experiments for semi-insulating multiple quantum well
structures. The strong quadratic electroabsorption and as-
sociated electrorefraction generates strong coupling of two
coherent beams. A significant net energy transfer is ob-
served caused by a shifted grating. More work on the pho-
torefractive transport in MQW is needed in order to clarify
the origin of the phase shift of the grating.
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1.3-um P-i-N Photodetector Using GaAs with
As Precipitates (GaAs:As)

Alan C. Warren, Member, IEEE, J. H. Burroughes, Jerry M. Woodall, Fellow, IEEE,
D. T. McInturff, Rodney T. Hodgson, Associate Member, IEEE, and
Michael R. Metloch, Member, IEEE

Abstract—We report the successful fabrication of the first
GaAs detector which operates In the 1.3- to 1.5-um optical
range. The detector is a P-i-N photodlode with an intrinsic layer
composed of undoped GaAs which was grown at 225°C and
subsequently annesled at 600°C. This growth process has been
demonstrated to produce a high density of As precipitates in the
low-temperature grown region, which we show here to exhibit
absorption through internal photoemission. The internal Schot-
tky barrier height of the As precipitates is found to be 0.7 eV,
leading to reasomable room-temperature responsivity out to
around 1.7 gm.

1. INTRODUCTION

OST commercial optical receivers today are Aybrid
circuits of silicon-based electronics with Ge- or
GalnAsP-based photonics, designed to detect the fiber-optic
wavelengths of 1.3- and 1.5-um light. A preferred configu-
ration would involve inzegrated electronic and photonic de-
vices fabricated from one material, or from lattice-matched
heterostructures such as InP/InGaAsP and InP/InAlAsP.
Progress in the commercial development of InP-based inte-
grated receivers, however, has been slow. And while high-
performance GaAs-based integrated electronic circuits and
receivers can now be fabricated reliably, conventional GaAs
detectors are not sensitive in the 1.3-1.5-um range.
Recently, it was found that GaAs grown at 200-250°C
yielded a substrate that virtually eliminates the effects of
back- and sidegating in GaAs circuits [1]. Melloch et al. [2]
found that such material, when subsequently annealed at
600°C, contains a high density of As precipitates and pro-
posed that the electronic properties of the material were the
result of internal Schottky barriers between the precipitates
and the surrounding GaAs [3]. That model suggests the
possibility of internal photoemission from precipitates, gov-
emed by the As/GaAs Schottky barrier. This paper is the
first report of P-i-N photodetectors using GaAs with As
precipitates (GaAs:As) which detect 1.3-um light with rea-
sonable efficiency at room temperature. Since high-perfor-
mance GaAs electronic circuits are not only compatible with
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but benefit from GaAs:As, an all-GaAs 1.3-um optical re-
ceiver chip should now be possible.

II. PHOTODETECTOR STRUCTURE AND FABRICATION

A cross section of the epilayers used for this work is
shown in Fig. 1. On an n™ GaAs substrate, the n* side of the
P-i-N diode is grown first (eliminating effects from the
substrate /epi interface) at 600°C, followed by a 1-pm-thick
undoped i-layer grown at 225°C, and a p* top-side contact
grown at 600°C. No growth interruption was employed,
resulting in ‘‘temperature-grade’’ regions on the substrate
and surface sides of the i-layer of 0.25 and 0.05 um,
respectively. The structure sees a 600°C anneal during both
the top contact (p-type) growth and an additional 60 min in
the As, beam after growth has been completed. This process
has been demonstrated to produce a high-quality GaAs matrix
containing As precipitates of roughly 7 nm diameter with a
density of 10'"/cm® (GaAs:As), which has been used as the
active photoconductive material in a complete terahertz-beam
transceiver system {4]. It should be noted that this material is
fundamentally different from that grown at 200°C or not
completely annealed, which retains a high density of bulk
defects in the GaAs [5].

For device fabrication, a 100-um-diameter mesa was used
to isolate device p-contacts and define the device active area.
After refilling with evaporated SiO,, Ti/Pt/Au ring contacts
and pads were patterned for the front contact and a blanket
Au/Ge/Ni layer deposited for back-side n-contact. With this
geometry, illumination is provided from the top via the hole
in the ring contact. Control samples were fabricated in an
identical manner, except that the epilayers were grown at
600°C throughout so that the i-layer was free of As precipi-
tates.

M. MeAsURED DEVICE PERFORMANCE

The room-temperature performance of these photodiodes
in response to incident light with a wavelength of 1.3 um was
examined in some detail. I/ V characteristics of a typical
100-um diode are shown in Fig. 2, with the lower curve
giving data for the unilluminated (dark) case, and the upper
for 1-mW incident illumination. The first point of interest in
these data is that the diode does not turn on hard in the
forward direction as a ‘‘normal’’ P-i-N diode would. This
suggests that the As clusters in the GaAs:As are acting as
strong current sinks. There is some asymmetry and increase
current in the forward direction, but not enough to preclude

0741-3106/91/1000-0527801.00 © 1991 {EEE
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Fig. 1. Heterostructure cross section for the GaAs:As P-i-N photodiode.

**Normal material’® growth occurred at 600°C, and low-temperature growth
at 250°C. Continuous growth produced the ‘‘iemperature-grade’ regions
above and below the undoped low-temperature i-layer.

Current (1A])

Bias (V)

Photocurrent versus bias in the dark (lower curve) and with | mW
of 1.3-um incident illumination (upper).

Fig. 2.

detector operation with a bias at either polarity. The second
point of note is the low level of dark 7/ V leakage current,
roughly 5 nA at —10-V bias for 100-um dots. This is 60
uA/cm?, which, while 10 times greater than that exhibited
by control devices, compares favorably with results from Si
with CoSi, by Fathauer er al. [6], which suffered from
leakage currents of 600 uA/cm?® with a reverse bias of only
I V and operated at 77 K. Even with a forward bias of 10
V, the GaAs:As photodiodes only yield 300-xA /cm? dark
current.

The upper curve shows the 7/ V response of these photo-
diodes when illuminated with 1 mW of 1.3-um light. A slight
positive threshold shift is observed, accompanied by a strong
increase in current, producing 450 nA at —20-V bias. Con-
trol samples exhibited negligible change upon illumination
with the 1.3-um light, as expected. Through transmission
experiments, we find that only 3-5% of the 1.3-um radiation
is absorbed or scattereg in the 1-um i-layer, and assuming
3% absorption and allowing for 33% reflectance, obtain an
internal quantum efficiency of 2-2.5%. The forward-bias
responsivity is even stronger, producing 1 uA at +10-V bias,

Clearly, a structure which only intercepts 3-5% of the
incident light is not ideal. As an initial improvement, we
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Fig. 3. Intensity dependence of GaAs:As photodiode responsivity at ¥, of

~20, -10, +10, and +IS V.

have fabricated GaAs:As laterally coupled P-i-N photodi-
odes, where the incident light is channeled into the i-layer
in-plane. The heterostructure for these devices included Al-
GaAs (x = 0.3) cladding layers above and below the active
low-temperature grown i-layer for waveguiding. In spite of
having no antireflection coating and only coupling roughly
25% of the light (estimated, from initial optics and geometric
factors), we find a factor of 10 increase in the responsivity.
The dark current for these *‘lateral photodiodes’” is greater
than that for the vertical structures, and is probably related to
the inclusion of AlGaAs in the temperature-grade regions.
And while the dark current scaled with device length, we find
no change in responsivity for diode lengths greater than 50
pm. This is consistent with our independent observation of
3-5% loss through the 1-um i-layer in the vertical devices.

Fig. 3 shows the intensity dependence of the responsivity
to 1.3-um illumination for various applied biases. As is
shown, it is intensity independent for a 1-mW source atten-
uated from 0 to —20 dBm and applied biases from —20 to
+15 V. This indicates that over this intensity range saturation
effects due to precipitate charging are not a factor, and
suggests that a two-photon absorption process is unlikely.
Preliminary results from the wavelength dependence of the
responsivity give an extrapolated barrier height for this inter-
nal emission of 0.7 eV, which is consistent with the barrier
height of As to GaAs as observed in planar Schottky struc-
tures.

A final interesting observation regards the speed with
which these photodiodes respond 0 modulation of 1.3-um
light. Using standard lock-in techniques, we find that under
forward bias, the diode current response begins to fall off in
the 50-kHz range. At this point, it is unclear whether the
limit here is due to charging effects in the As clusters, or to
recombination rate limitations. Details regarding emission
and precipitate charging and neutralization further complicate
the picture. In the reverse-bias direction though, the photore-
sponse is faster than our initial equipment limit of 2 GHz.
Work in progress on metal-semiconductor-metal (MSM)
detectors push this value to above 50-100 GHz and with no
extended ‘*tail’’ to the response using 0.7-ps excitauon pulses
{7). This suggests that the recombination is similar to that
observed for electron-hole pairs with above-bandgap illumi-
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nation [4], where the photoresponse decay time was observed
to be of the order of 2 ps.
IV. SUMMARY

In summary, we report on the first GaAs-based P-i-N
photodiodes which operate in the 1.3-um range. The devices
exhibit low leakage currents at 295 K under both forward and
reverse bias. Initial results from laterally coupled devices
have produced a factc~ of 10 increase in responsivity over the
top-illuminated device with further improvement expected
through optimization. The photoresponse speed in these de-
vices is in excess of our initial testing limit of 50-100 GHz.
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Significant Long-Term Reduction in
n-Channel MESFET Subthreshold
Leakage Using Ammonium-Sulfide

Surface Treated Gates

P. G. Neudeck, M. S. Carpenter, Michael R. Melloch, Member, IEEE, and
James A. Cooper, Jr., Senior Member, IEEE

Abstract— Ammonium-sulfide ((NH,),S) treated gates have
been employed in the fabrication of GaAs MESFET's that
exhibit a remarkable reduction in subthreshold leakage current.
A grester than 100-fold reduction in drain current minimum s
observed due to a decrease in Schottky gate leakage. The electri-
cal characteristics have remained stable for over a year during
undesiccated storage at room temperature, despite the absence
of passivation layers.

N RECENT YEARS an increasing number of high-speed

digital integrated circuits have been implemented in GaAs
metal - semiconductor field-effect transistor (MESFET) tech-
nologies. Large-scale integration (LSI) has been achieved
with acceptable production yields, and an increasing variety
of GaAs chips is becoming availabie for incorporation in
digital systems. A number of device-oriented issues currently
being researched are crucial towards further improvements in
the performance and capability of GaAs MESFET IC’s. One
such concern is the parasitic subtreshold leakage current of a
MESFET, which can seriously affect circuit margins and
performances [1]-[3]. This letter reports a simple technique
that has been used to dramatically reduce subtreshold drain
leakage in GaAs MESFET's.

The important drain and gate currents present in a GaAs
FET biased in the subthreshold regime are depicted in Fig. 1.
In most conventional-gate MESFET's, Ipg and I, are the
dominant sources of drain subthreshold current [3]-[6]. I,
can be turned off exponentially by applying an increasingly
negative gate voitage, so the drain current minimum of a
long-channel MESFET is usually determined by reverse-bi-
ased Schottky gate diode conduction (I, of Fig. 1) [3]-(6].
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Fig. 1. Pictorial representation of drain and gate leakages present in an
n-channel GaAs MESFET biased in the subthreshold regime (V; < V7). In
most conventional-gate MESFET's, /g and Jp are the dominant sources
of subthreshold leakage. Since /Ips can be mmed off exponentially by
applying an increasingly negative gate voitage, the drain current minimum of
2 long-channel MESFET is usually determined by reverse-biased Schotiky
gate diode conduction /5 {3]-(6].

The chief leakage mechanism in GaAs Schottky barriers is
thermionic emission of carriers over the junction potential
barrier [7], [8]. In Schottky diodes prepared using conven-
tional fabrication techniques, the Fermi level at the GaAs
surface is effectively pinned near midgap, and the Schottky
barrier height is essentially independent of the metal-~semi-
conductor work function [9], [10). However, Waldrop ob-
served an increase in Schottky bamier height for metals
deposited on a GaAs surface which had prior exposure to
elemental suiphur [11]. Recenty, Carpenter et al/. have
shown that pretreating the GaAs surface with ammonium
sulfide (NH,),S) before metal deposition can lead to 2
significant variation in Schottky barrier height with the metal
deposited [12], [13], and this result was subsequently con-
firmed by Fan er al. [14]. The purpose of this work is to
investigate the effect of (NH,),S-treated gates on the sub-
threshold leakage of GaAs MESFET’s fabricated using con-
ventional LSI processing techniques.

The devices (Fig. 2) were fabricated in epilayers grown by
molecular beam epitaxy on a (100) undoped GaAs substrate.
The buried p-layer is completely depleted, but provides a
potential barrier that minimizes substrate subthreshold con-
duction in short-channel devices [15]). Conventional lithogra-
phy based on AZ 1350J-SF positive photoresist was used to
pattern isolation mesas and ohmic contacts. Mesas were
defined by a 2.5-min wet etch in 3 H,PO,:1 H,0,:50 H,0

0741-3106/91/1000-0553501.00 © 1991 [EEE
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Fig. 2. Recess-etched epitaxial MESFET cross section.

to remove approximately 2500 A of material. Au/Ge/Ni/Ti
layered ohmic source /drain contacts were then electron-beam
evaporated onto the n* regions, patterned by lift-off, and
furnace annealed at 350°C for 1 min in N, {16].

In the final masking step, the MESFET gate pattern was
aligned, exposed, and developed. A recess etch self-aligned
to the gate pattern was carried out for 160 s in 3 H,PO,:1
H,0,:100 H,0; this left an estimated 30-nm-thick n-layer to
serve as the MESFET channel. The wafer was then cleaved
into two pieces, one of which was treated by soaking it in a
saturated (NH,),S solution for 2 min {12], {13]. To preserve
the gate pattern under exposure to the highly alkaline gate
treatment solution, 4% PMMA was used as the resist for the
final masking step. Following a deionized water rinse and N,
blow dry, both pieces were placed into a vacuum system and
Au gates were thermally evaporated with the wafers cooled
to near 77 K by circulating LN, through the substrate holder
{13]. To minimize defect-forming surface chemical reactions,
the processing from the treatment to pump-down of the
evaporation system was carried out without delay, and use of
excited electron sources (e.g.. electron beams and ionization
gauges) was explicitly avoided. Fabrication was concluded by
metal lift-off.

Fig. 3 compares the measured drain, gate, and substrate
currents of typical (NH,),S-treated and untreated 10 X
350-um? ring-gate MESFET's as a function of gate voltage
with V5 = 0.5 V. The device characteristics have remained
stable for over a year during undesiccated storage at room
temperature, despite the absence of passivation layers. Al-
though nonuniformities in the recess etch resuited in intra-
wafer threshold variations, both treated and untreated devices
exhibited similar oN characteristics with Vo = 0.1 £ 0.2 V.
Below threshold, the drain current in both samples declines
exponentially at 70 mV /decade until gate leakage becomes
significant. The data presented in Fig. 3 clearly show more
than a 100-fold reduction in the drain current minimum of the
(NH,),S-treated gate MESFET over its untreated counter-
part. This decrease is directly attributable to the reduction in
leakage current of the ammonium-sulfide-treated Schottky
gates.

When a negative gate voltage is applied to urn off an
n-channel GaAs FET, a punchthrough condition is created
between the gate and the substrate, which can result in holes
being injected from the substrate {3), [8). This conduction
(Ig.pc Of Fig. 1), which is relatively unaffected by the
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metal-semiconductor barrier height, dominates the measured
gate current I; for V; < ~0.5 V in the (NH,),S-treated
device (Fig. 3). The drain leakage current is expected to
scale with shrinking gate size until mechanisms unrelated to
channel-gate diode conduction become dominant. Drain-to-
substrate leakage ([pg,, in Fig. 1), which arises from the
positive drain bias with respect to the substrate, can some-
times determine the measured drain current minimum even
though highly insulating substrates are empioyed (3], {17].
The treatment is not expected to improve the subthreshold
characteristics of very short-channel devices (Lg ~ 0.1 pm)
where drain-to-source conduction through the substrate is
totally dominant [19].

To summarize, we have used ammonjum-sulfide-treated
Au gates to reduce gate-diode-limited subthreshold conduc-
tion in GaAs MESFET’s by over a factor of 100. The treated
device characteristics have remained stable for over a year
despite unpassivated exposure to room air. This technique
shows promise for use with gate materials other than gold,
provided deposition techniques and gate-to-semiconductor
work-function differences are optimized. As no exotic in-situ
processing is required, the technique appears suitable for use
in large-scale integrated circuits.
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Observation of above-barrier quasi-bound states in asymmetric single
quantum wells by piezomodulated reflectivity
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The piezomodulated reflectivity spectrum of asymmetric GaAs/AlGaAs single quantum well
heterostructures display interband excitonic transitions from bound and quasi-bound

valence states to bound and quasi-bound states in the conduction band. The quasi-bound states
with maximum occupancy in the well region in these compositionally asymmetric

quantum wells participate “resonantly” in interband transitions. These spectra are compared
with those from symmetric quantum wells with the same well width.

Semiconductor quantum well structures grown by mo-
lecular beam epitaxy (MBE) provide a unique opportunity
to control their electronic and optical properties by adjust-
ing layer thicknesses and material compositions. The quan-
tum confinement of carriers is reflected in the enhanced
band gaps of such structures; this has led to the practical
implementation of band-gap engineering.! With this ability
of implementing one-dimensional quantum mechanical ef-
fects in layered quantum well and superlattice heterostruc-
tures at hand, it is of interest to study the role played by
unequal barrier heights in generating bound as well as
quasi-bound states in single quantum wells. As is well
known, symmetric quantum wells must have at least one
bound state even for arbitrarily small barrier heights. How-
ever, single quantum wells with unequal barriers need not
have any bound state under conditions derived in text
books on quantum mechanics.? In this letter we report a
direct observation of quasi-bound, resonant levels in com-
positionally asymmetric Al, Ga, _, As/GaAs/
Al, Ga, _, As single quantum wells using piezomodulated
reflectivity. The asymmetric wells have different Al con-
centrations, x; and x,, on either side of the GaAs layer
(i.e., x; = 0) leading to different potential barrier heights
¥, and ¥, on either side. We have studied asymmetric
wells of widths 100, 50, 33, and 20 A, and compared them
with their symmetric counterparts. The piezomodulation
technique has recently been demonstrated to be a powerful
and sensitive method for the observation of spectral fea-
tures in GaAs/AlGaAs heterostructures. Interband exci-
tonic transitions have been observed in the piezomodulated
reflectivity of single, multiple, and parabolic quantum
wells. These include transitions from spin-orbit split-off
quantum confined levels in the valence band to those of the
conduction band levels.>*

The films used in this work were grown in a Varian
GEN II MBE system on (100)-GaAs substrates. Initially,
2 0.5 um GaAs buffer layer was grown. This was followed
by either a symmetrical or asymmetrical single quantum
well. The symmetrical well had 400 A Aly ;Gag,As barrier
layers. The asymmetrical single quantum wells had a

400 A Aly;Gag;,As upper barrier and a 400 A
Aly GaggAs lower barrier. There were 30s growth inter-
ruptions upon completing the Alj ;Gagy ;As barrier and the
GaAs well to provide for smooth interfaces and a uniform
thickness for the quantum well. The experimental proce-
dure for piezomodulation reflectivity is described in Refs. 3
and 4.

We have calculated the quantum well energy levels for
the various geometries in our experiment using an eight-
band k-p model® within the framework of a double preci-
sion finite element procedure.® The input parameters in the
k-p model for 2ach layer are obtained from the standard
compilation,” with interpolation for the energy gap for the
AlGaAs layers as given by Bosio et al.® The wavefunctions
belonging to the allowed continuum of states in asymmet-
ric wells for V| < E < V; are taken to be of the form

ekiz o pe~ 1z — w0 <2<0
¥(z) = {24e® sin(kyz + 62) 0<z<d (1)
wem,e-x](z-d) d<z<

where k|, k,, and x; are wavevectors of the carrier in the
three regions defined by the potentials V| in the left barrier,
¥, = 0in the well, and ¥;( > V) in the right barrier. Also,
&, and &, are phase angles defined for convenience in im-
plementing the boundary conditions at the interfaces and »
is the complex reflection amplitude of the carrier wave-
function in the left region. The reflected intensity |2 is not
a useful parameter since |r(E):? = 1 for all energies such
that V| < E < V,. With a slight refinement of Messiah,? we
define () as the occupancy of the carrier in the well region:

d
QE)= f [¥(2)|%dz
0

1
=|Al2[2d—k—{sin(2a) - sin(2cb2)}} ., ()
2

where a = k,d + &, and in the one-band approximation
the coefficient |4)? is given by

A2=1/(1 + {(kam?¥/k,m?*)> — 1} cos® &.] . (3
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FIG. 1. A plot of occupancy in the well Q(E), defined in Eq. (2), as a
function of energy, £, for heavy holes (solid line) and light holes (dashed
line).

The resonant states participating in the interband transi-
tions are those for which  is a maximum. We have iden-
tified the resonant quasi-bound states for the conduction as
well as the heavy-hole and light-hole bands as occurring
with energies corresponding to these maxima, with typical
widths of 20 meV. A typical energy dependence of Q for
the heavy- and light-holes in a 100 A well is shown in
Fig. 1.

These quasi-bound resonant states exist at energies be-
tween the barriers in asymmetric wells. The boundary con-
ditions on their wave functions differ from those for fully
bound states in that to the left of the interface at the lower
barrier the wave functions are travelling waves. The reso-
nant states are those for which multiples of half their wave-
lengths can be very nearly fitted into the well region. How-
ever, these states are not as sharply defined in energy as
their fully bound counterparts as can be seen in Fig. 2. The
spectrum of the companion symmetric well is shown in
Fig. 3. The transitions are labeled with the first number
indicating the conduction band state and the second the
valence band state, with 4" and """ identifying heavy and
light holes. The superscript “¢” denotes a quasi-bound
state.

The calculations were performed using the Al concen-
trations as determined from the excitonic signatures attrib-
utable to the barrier layers. Using the bound state energies
given by the eight-band k-p model and the quasi-bound
state energies by the peaks in 2(E), we are able to identify
the lines in the spectra resulting from transitions between
both bound and quasi-bound states. The theoretical tran-
sition values presented in Table I have not been corrected
for the excitonic binding energies.

We note that interest in asymmetric quantum wells has
been based on the fact that they have second-order optical
nonlinear susceptibilities which can be three orders of mag-

2707 Appl. Phys. Lett,, Vol. 59, No. 21, 18 November 1991

s0 100A Asymmetrc
{ —_———
| m : T=6K Al Ga. , As
| AN
: N Gaas
25t i
_S_ | 1A ‘Ml".o A Al Ga A8
§ I GaAs butfer
= A
§ oF ~ "‘ Vo 1
\m
Q 2o 31
2 :
<« 25 - | %30 “warore
=4
x ‘ L. \
Tl "’ o A
<l \ 4
50 | ' vV J
‘ x40
-75

14 15 16 17 18 19 20 21
Energy (eV)

FIG. 2. Piezomodulated reflectivity spectrum of an asymmetric single
quantum well of 100 A width (/). The transition energies and their
identifications are presented in Table 1.

nitude larger than those of bulk GaAs [yZL.(SHG)
~ 2 X 107 m/V, at 10.6 um]. Asymmetry due to0 a
compositional step change in the Al concentration inside
the well,’ due to the presence of an externally applied elec-
tric field,'° or due to unequal well widths in double quan-
tum wells'! have been considered as means of removing the
inversion symmetry in quantum well structures. The single
quantum wells with unequal barrier heights studied here
are the simplest of structures with inversion asymmetry.
Our theoretical estimate'® for the second-order nonlinear
optical susceptibility y'¥’=6x10~"7 m/V in the near in-
frared region from interband transitions for a 100 A quan-
tum well with Al concentrations of 10% and 40% on ei-
ther side of the well, compare favorably with the
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TABLE 1. Transition energies (eV) for the 100 A asymmetric well. The
transitions are labeled with the first number indicating the conduction
band state and the second the valence band state, with “A" and “/*
identifying heavy and light holes. The superscript ¢ denotes a quasi-
bound state. Note that the theoretical values are uncorrecied for excitonic
binding energies.

Expt. Theory Identification
1.551 1.557 1A
1.562 1.571 1))
1.604 1.611 134
1.644 1.648 22U
1.651 1.655 22h
1.681 1.688 23h
1.694 1.698 22
1.735 1.728 139
e 1.733 24%h
1.742 ... .
1.759 1.782 A
1.785 1.796 3y
-e- 1.797 25%
1.803 kipd |
e 1.805 239
1.812 ’ 1.836 I3k
1.838 1.346 ny
1.862 1.881 34%
1.897 . .

experimental intraband measurements.*'%!2 An experi-
mental study of the interband optical nonlinearity in our
asymmetric quantum wells is envisaged.

In conclusion, we have shown that piezomodulation
spectroscopy is capable of revealing transitions associated
with above-barrier quasi-bound states in asymmetric quan-
tum wells. The spectra provide direct experimental evi-
dence for the existence of quasi-bound resonant states in
both the valence and conduction bands in an asymmetric
quantum well. The presence of such states can be exploited
in photodetectors, modulators, and switching devices. A

complete presentation of theoretical and experimental re-
sults for all the samples will appear in a later publication.
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High-order spatial harmonics of photorefractive gratings are detected directly in multiwave mixing experi-
ments in photorefractive AlGaAs/GaAs quantum wells operating in the Franz-Keldysh geometry. We have cb-
served diffraction signals from the first-, second-, and third-harmonic refractive-index gratings. The
quadratic electro-optic effect in the quantum wells guarantees a strong nonlinear response for generating a

second-spatial-harmonic grating.

Photorefractive transport is strongly nonlinear and
commonly leads to nonsinusoidal responses to inter-
ference fringes. Higher spatial harmonics of the
resulting index grating can have amplitudes com-
parable with those of lower harmonics, especially
under high modulation depth. Furthermore the
nonlinear response of the material can mix the
spatial frequencies of several individual gratings.
These nonlinear effects can have image-processing
applications, such as high-bandwidth image correla-
tion' and nondestructive difference-frequency image
readout.? These applications rely on obtaining a
maximum nonlinear material response. On the
other hand, recording nonlinearity can degrade the
quality and density of holographic storage. Despite
the importance of material nonlinearity, much of
the early research on photorefractive responses has
concentrated on linearized solutions to the trans-
port equations. For a better understanding of the
formation and role of higher harmonics and non-
linearities in photorefractive effects, theoretical
studies have ranged from perturbative approaches
and special cases®® to solutions with high modula-
tion depths and arbitrary electric-field strengths.™
These studies have been restricted to materials with
linear electro-optic effects.

In this Letter, we present experimental results on
second-spatial-harmonic complex index gratings in
photorefractive quantum-well samples with qua-
dratic electro-optic effects. To make a comparison
with higher spatial harmonics in bulk materials, we
consider here only the Franz-Keldysh geometry,
which generates the same transport processes as in
bulk materials. The quadratic effect automatically
guarantees a strong nonlinear response to sinu-
soidal illumination gratings, generating second-
harmonic gratings by mixing the first-harmonic
electric field with itself. The short interaction

0146-9592/91/241944-03$5.00/0

length of the quantum wells generates Raman-Nath
diffraction, which removes the necessity for aiigning
probe beams to the Bragg condition. In our ex-
periments, we observe the second- and the third-
harmonic gratings directly in a multiwave mixing
experiment.

Nonlinearity in the transport equations arises
from several sources. One source is the feedback
between charge transport and the resulting space-
charge fields; another is depletion or saturation of
available traps. Because of the feedback and satu-
ration effects, a sinusoidal illumination intensity
I = Iy(1 + m sin Kx) with spatial frequency K and
modulation index m generates a nonsinusoidal
space-charge electric field that has higher harmonic
components. The internal field up to third order
can be expressed as

E= Eo + E‘c = E, - [E[ COS(KX + &)

+ Ez COS(ZKI + d2) + E:; COS(3KI + ¢3)]; (1

where E, is the applied field and E,, E;, and E; are
the first-, second-, and third-harmonic amplitudes
that screen the applied field. (We consider only the
case of large applied fields and negligible diffusion.)
The Franz-Keldysh effect is a quadratic electro-
optic effect that relates refractive index and absorp-
tion changes to the square of the local electric field.
The complex index change is

AR = -—l-n’éE’, (2)
2
where ARl = An + iAx, x = ac/2w is the extinction
coefficient, and § = s, + is; is the quadratic electro-
optic coefficient. The squared internal field that
appears in Eq. (2) is

© 1991 Optical Society of America
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El=E}+ —;-(Elz + E* + EY) - 2E.E,

x cos(Kx + ¢) + E\E3 cos(Kx + ¢3 — @)
+ E;Esy cos(Kx + &3 = ¢2)

+ —;'Elz cos(2Kx + 2¢,) — 2EE, cos(ZKx + @)

+ E\E; cos(2Kx + ¢3 — @) — 2ELE,
X co8(3Kx + ¢3) + E\E;cos8(3Kx + &y + ¢2). (3)

The first and second terms represent the average-
squared field. The next three terms represent the
first-harmonic grating that is generated by mixing
the first harmonic with the dc field, by mixing the
second-harmonic electric field with the first har-
monic, and by mixing the third harmonic with the
second. Finally, the last two terms in Eq. (3) repre-
sent the third-harmonic grating, which can exist
only under the condition of transport nonlinearity.
Clearly, the quadratic electro-optic effect in these
materials generates a strong nonlinear response to
sinusoidal illumination. Even under conditions
where no significant E; is present, there will still be
a second-harmonic refractive-index grating because
of the E,* term.

According to the coupled-mode analysis,"® Bragg
and Raman-Nath diffraction regimes are distin-
guished by the dimensionless parameter

Q = AkRL

2=AL
m\z Mz, (4)

where M is the grating harmonic, Ak is the k-vector
mismatch because of deviation from the Bragg con-
dition, L and n are the thickness and the refractive
index of the medium, respectively, and A and A are
the wavelength of the probing beam and the fringe
spacing of the intensity grating, respectively.
When @ < 1, Raxman-Math diffraction occurs with
multiple diffraction orders. The total diffraction
efficiency into the Nth order by the dielectric grat-
ing with a complex index of refraction grating,
AR = (An + iAda/4m)cos(MKx), is given by ™

==_1_(1rAnL )’+(AaL )’” 5)
™ = NE{\2, cos 6 dcosgy) |’ (

where 8, is the internal angle of the probe beam.
The direction of the Nth-order diffraction from the
Mth harmonic is given by sin 8y = NMKA/27 +
gin 8,, where 8, and 8y are the external incident and
diffraction angles of the probing and the diffracted
beams, respectively. In our experiments, we con-
sider only the first diffraction order N = 1, but
first-, second-, and third-harmonic gratings M =
1,2,3. The first-order diffraction efficiencies for
our sample are n, = 10~*, which makes 7, = 1074,
which is below our detection limit. In the small
modulation regime, E, and E,; in Eq. (3) are propor-
tional to m and m? respectively. For first-order
diffraction, Eq. (5) in conjunction with Eqs. (3)
and (2) will produce an m? dependence for dif-

fraction from the first-harmonic grating and an
m* dependence for diffraction from the second-
harmonic grating.

The structure of the semi-insulating multiple
quantum wells (SIMQW's) has been described previ-
ously."'? The optical interaction region of our
SIMQW sample is composed of 60 periods of GaAs
wells (7.5-nm thickness) and Al;3GaosAs (10-nm
thickness) barriers, with a total optical interaction
length of 1.05 um. The sample was made semi-
insulating by proton implantation. This process
introduces deep-level defects that provide traps
to store charge and pin the Fermi-level midgap,
which makes the entire sample semi-insulating.
The electro-optic properties of the sample were
characterized in the Franz-Keldysh geometry with
the applied field parallel to the quantum wells.
Two exciton absorption peaks at 838 and 826 nm,
corresponding to heavy and light holes. respectively,
were observed in our differential transmission mea-
surement. The infrared light source in our experi-
ment was a Tirsapphire laser tuned from 800 to
850 nm, which covered the exciton absorption range
of the SIMQW.

Our multiwave mixing experimental setup is
shown in Fig. 1. The SIMQW is illuminated sym-
metrically with respect to the normal vector of the
quantum-well plane by two coherent laser beams,
with each beam polarized perpendicular to the plane
of incidence and parallel to the quantum-well layers.
The intensities of the two beams are approximately
equal. A dc-biased ac field is applied across the
sample in the direction indicated in Fig. 1. To
justify the diffraction regime of our measurement,
typical values of our measurements were L = 1 um,
A = 840 nm, n = 3.6 for GaAs wells,and .\ = 4.6 um.
Thus @ = 0.14, putting us in the strong Raman-
Nath regime.

First-order diffraction sighals were observed
from the fundamental, second-, and third-spatial-
frequency gratings. The dependence on the modu-

m Ti:Sapphire Laser
‘ DI

Al

Fig. 1. Experimental geometry for the multiwave mixing
experiment. The twe beams I, and Iy write intensity
fringes that generate first- and higher-harmonic index
gratings. The electric field is applied in the plane of the
quantum wells. The multiple diffracted beams all arise
from first-order diffraction but from different spatial har-
monics of the index grating. ND, neutral-density filter;
BS, beam splitter; M1, M2, mirrors.
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Fig. 2. Diffraction from the second-harmonic grating as
a function of the fourth power of the modulation index.
The data at 840 and 835 nm are from the zero crossings in
the electroabsorption. The lines are the best fits.
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Fig. 3. Diffraction efficiency versus wavelength for dif-
fraction from the first-, second-, and third-harmonic grat-
ings. The modulation index is m = 1, and A = 8.8 um.
The data have been averaged for both field directions.

lation index m of the diffraction signal from the
second-spatial-harmonic grating was measured at
the zero crossings of electroabsorption with A =
46 um. The results are shown in Fig. 2. The dif-
fraction efficiency exhibits an approximately m*
dependence at both wavelengths, which is consistent
with the expectation from Egs. (3) and (5) and is also
in agreement with earlier experimental and numeri-
cal results.!’

The wavelength dependences of the diffraction
efficiencies for beam I, are shown in Fig. 3. The
measurement was performed with a larger fringe
spacing of A = 8.8 um. The diffraction from the
first harmonic is larger than the diffraction from
the second harmonic. An estimate of E,/E; can be
made by taking the largest terms in Eq. (3). Asa
result, we have

7:(2K) - (Ez _E_l_)z 1

m(K) E - 4E, = :’ ©)

which yields an E, that is 75% of the strength of E;.

This value is consistent with numerical results from
Ref. 7 for a large modulation depth.

We found that the first diffraction order from the
fundamental spatial frequency grating depends on
the direction of the applied field, although the mea-
surement of differential transmission shows no indi-
cation of field-direction dependence. Two processes
may be related to this asymmetry in a diffraction
order. First, there is an interference effect between
the first-order diffraction signal of I, from the funda-
mental spatial-frequency component of the grating
and the first-order diffraction signal of Iy from the
double spatial-frequency grating component. Sec-
ond, the intensities of I, and I can be field-direction
dependent because of two-wave mixing and beam
depletion.”? More research is needed to clarify the
contribution of each process to the asymmetry effect.

In conclusion, we have directly observed diffrac-
tion from second- and third-spatial-harmonic grat-
ings in photorefractive quantum wells. In addition
to second-harmonic electric-field components that
arise from transport nonlinearity, second-harmonic
complex index gratings are generated by the qua-
dratic electro-optic effect. Our Franz-Keldysh ge-
ometry generates the same transport processes as in
bulk samples, which allows direct study of higher
spatial harmonics in photorefractive gratings under
high modulation depths and in the presence of
simultaneous electron and hole transport. These
studies will have relevance to near-resonant photo-
refractive properties,'® which share much of the un-
derlying physics.

D. D. Nolte acknowledges support by National
Science Foundation grant ECS-9008266 and by the
Alfred P. Sloan Foundation. M. R. Melloch ac-
knowledges support by U.S. Office of Naval Research
grant N00014-89-J-1864.
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A Vertically Integrated GaAs Bipolar Dynamic
RAM Cell with Storage Times of 4.5 h at
Room Temperature

T. B. Stellwag, James A. Cooper, Jr., Senior Member, IEEE, and
Michael R. Melloch, Senior Member, IEEE

Abstract—The storage times of FET-accessed GaAs dynamic
RAM cells are limited to less than 1 min at room temperature by
gate leskage in the access transistor. These transistor leakage
mechanisms have been eliminated by designing a vertically inte-
grated DRAM cell in which an n-p-n bipolar access transistor is
merged with 3 p-a-p storage capacitor. Storage times of 4.5 h
are obtsined at room temperature, 2 1000-fold increase over the
best FET-accessed cells.

1. INTRODUCTION

YNAMIC charge storage on p-n junctions in GaAs is
very efficient both in charge storage density (>1.9
fC/um? at 1 V) [1] and storage time (>6 h at room
temperature) [2]. However, when the p-n junction storage
capacitor is connected to a field-effect access transistor
(FET-access) to form a one-transistor dynamic random ac-
cess memory (DRAM) cell, gate leakage in the field-effect
transistor reduces the overall storage time to less than 1 min
at room temperature [1]. Generally, storage times of this
magnitude are adequate for DRAM applications since refresh
rates are typically around 1 kHz. However, because gate
leakage increases exponentially with temperature, the upper
operating temperature of FET-accessed GaAs DRAM cells is
The gate leakage currents associated with FET-accessed
DRAM cells can be eliminated by using a bipolar access
transistor. Silicon bipolar DRAM’s were investigated in the
mid-1970’s [3], [4), and circuits of up to 16-kb complexity
were demonstrated. In this letter, we report on the first
bipolar DRAM cells realized in GaAs, and the first DRAM
cells in any semiconductor to have room-temperature storage
times measured in hours [5).

[. DEVICE STRUCTURE AND FABRICATION

Fig. 1 illustrates a GaAs n-p-n bipolar access transistor
vertically integrated with a p-n-p storage capacitor. In this
design, the floating collector of the access transistor is merged
with the n-region of the storage capacitor. During operation
as a DRAM, the n-type emitter is connected to the bit line,
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the p-type base is connected to the word line, and the p-type
substrate serves as the ground plate of the storage capacitor.
The structure of Fig. 1 was fabricated on epitaxial layers
grown in a Varian GEN-II molecular beam epitaxy system.
The doping densities and layer thicknesses chosen for the
p-n-p storage capacitor are optimal for charge storage density
and storage time requirements (1}. The doping and thick-
nesses of the n-p-n bipolar transistor, however, have not been
optimized for high-speed. low-power digital circuit applica-
tions.

A four-level non-self-aligned process was used to define
discrete DRAM cells with dimensions ranging from 36 x 48
to 90 x 120 um?. The emitter was defined by wet chemical
etching, and was contacted by thermally evaporating AuGe
and alloying at 370°C for 90 s. (It has been found that
clectron-beam evaporation severely degrades storage times
(5]; details will be reported elsewhere [2].) In order to avoid
damage during testing, a 200-nm overlayer of Au was evapo-
rated following the anneal. This Au also served as the
nonalloyed ohmic contact to the p*-base region. The devices
were compieted with a mesa-isolation etch to a depth of
300 nm.

III. EXPERIMENTAL RESULTS

For these experiments, the charge state of the bipolar
DRAM is determined by monitoring the capacitance between
the p*-base and the p-type substrate. When the n-type float-
ing collector is at zero bias with respect to the substrate, a
high capacitance is measured. This state represents a logic
ZERO. A logic ONE is written to the cell when a positive bias
is simultaneously applied to the bit line and the word line. At
this instant, a positive bias is developed across the base-col-
lector junction allowing electrons to flow from the n-type
floating collector to the bit-line contact. This action charges
the n-region to a positive potential with respect to the sub-
strate, thereby causing the collector-substrate p*-n junction
to become reverse biased and the measured capacitance to
drop. When the word line is returned to ground potential, the
only source of electrons to return the floating collector to
equilibrum are those supplied by thermal generation. This
recovery process is monitored by observing the capacitance
transient following the turn-off of the access transistor.

The room-temperature capacitance transient of a 36 x 48-
um? bipolar DRAM cell is shown in Fig. 2. Initially, no bias
is applied to the bit line and the word line. In order to assure
that the floating collector is at zero bias with respect to the

0741-3106/92503.00 © 1992 IEEE
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Fig. 1. Cross section of the first GaAs bipolar DRAM cell. The top n-p-i-n
layers function as a bipolar access transistor, while the bottom p-i-n-i-p
layers serve as the storage capacitor. The middle p-i-n layers are common to
both.
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Fig. 2. Charge storage transient of the bipolar DRAM cell at room
temperature monitored by observing the capacitance of the base terminal.
The sample was illuminated for ¢ < O to insure the storage cell was not
depleted of electrons. The illumination was removed at ¢ = 0. A 1-V pulse
was applied to base and emitter terminals at 7 = 10000 s to empty the
storage well.
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substrate, for time ¢ < O the cell is exposed to light, causing
the p*-n junctions of the storage node to become slightly
forward biased. At time ¢ = Q, the light is removed and the
recombination of excess carriers returns the cell to its zero-
bias equilibrium value. After 10000 s, a positive pulse is
applied to the bit line and the word line causing a sharp
decrease in the capacitance of the cell. When the bias is
removed 600 s later, an exponential capacitance recovery is
observed. The storage time of a cell is defined as the time
required for the capacitance to return to within 1/e of its
equilibrium value. Using this definition, the room tempera-
ture storage time of this bipolar DRAM cell is approximately
16200sor4.5h.

Plots of storage time versus temperature for complete
bipolar DRAM cells with various perimeter-to-area ratios are
shown in Fig. 3. An activation energy E, for the generation
process can be determined from an exponential fit to this
experimental data using

1, = Cyexp(E, /kgT) (1)

where C, is a proportionality constant, k  is the Boltzmann
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Fig. 3. Storage time as a function of iemperature for several different
bipolar DRAM cells. If 100 ms is taken as the minimum storage time for
proper operation, these cells should function at temperatures above 130°C.

constant, and T is the absolute temperature. For the 54 x
72-um? cell, E, = 0.88 V. The larger (90 X 120 um?) cell
has a lower activation energy, while the smaller cells have
activation energies greater than 0.88 eV. This variation is
expected because the storage time is comprised of compo-
nents due to bulk and perimeter generation [1]. In particular,

1 P
—_—= CZ(GB + Gp— (2)
T, A
where C, is a proportionality constant, Gy is the bulk
generation rate, G is the perimeter generation rate, P is the
perimeter, and A is the area of the device. By combining (1)
and (2), the bulk and perimeter activation energies can be
scparated. For these devices, E, g, = 0.7 eV while
E, perimerer = 1.0 eV, Therefore, as device size decreases,
the effective activation energy tends towards that of the
perimeter. At room temperature all four devices have storage
times of approximately 4.5 h. In digital circuits where a
minimum storage time of 100 ms is specified, these bipolar
DRAM cells could be used in applications where the operat-
ing temperature exceeds 130°C.

Writing the value of the bit line into a cell through the
access transistor is demonstrated in Fig. 4. The top wave-
form is the room-temperature capacitance of the cell meas-
ured between the word-line (base) and substrate contacts, and
the bottom waveform is the voltage applied to the bit-line
(emitter) contact. On this time scale, 100 s per division, the
short 1-ms word-line pulses could not be captured readily on
a digitizing oscilloscope and are not shown in this figure.
Instead, it should be noted that the 3-V, 1-ms word-line
pulses occur when there is an abrupt change in the capaci-
tance signal. The data on the bit line are written into the cell
during each 1-ms pulse applied to the base of the transistor.
Initially, a logic ONE is stored in the DRAM cell, and a low
capacitance is measured. During the first pulse, the bit-line
voltage is low and the capacitance rises, indicating that the
cell has returned to its zero-bias equilibrium state. As de-
scribed previously, the capacitance decay is due to the turn-off
time of the forward-biased base-collector p*-n junction.
Likewise, during the second word-line pulse, the bit-line
voltage is high and the capacitance falls, indicating charge
has been removed from the storage capacitor. This lower
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Fig. 4. Electrical writing of the bipolar DRAM cell. For this test, the
charge state of the cell is monitored by observing the base capacitance. The
low-capacitance store-ONE state is the nonequilibrium condition. This capaci-
tance will gradually increase with a time constamt of 4.5 h at room

temperature.

capacitance value represents the nonequilibrium state of the
cell and will rise exponentially with a time constant of about
4.5 h. This rise is imperceptible on the time scale of these
waveforms.

The stored information has been read electrically by moni-
toring the bit-line voltage with a low-capacitance active probe.
The bit-line voltage excursions during a read onE and a read
zero differ by approximately 250 mV. In an integrated
circuit application, this voitage difference would be detected
by sense amplifiers and latched for data readout.

In addition to increased storage times over FET-accessed
cells, the bipolar design has several other distinct advantages.
First, since no applied bias is required during the store state

and there are no measurable leakage currents. the bipolar cell
has zero static power dissipation and could be used as a
short-term nonvolatile memory. Moreover, the access times
of bipolar cells should be shorter than those of FET-accessed
DRAM'’s because charge is removed vertically rather than
laterally. Finally, since the storage capacitor is vertically
integrated with the bipolar access transistor, no additional
area is needed for the access transistor. Consequently, a
complete DRAM cell capable of storing approximately one
million electrons with a 1-V reverse bias could be fabricated
in an area as small as 5 x § um?.

IV. SuMMARY

In summary, a vertically integrated GaAs bipolar DRAM
cell that eliminates the gate leakage present in FET-accessed
cells has been described. Electrical reading and writing of the
cell have been demonstrated, and storage times of 4.5 h at
room temperature and greater than 100 ms at 130°C have
been observed. These storage times represent a 1000-fold
increase over those reported for FET-accessed DRAM cells.
Moreover, since no applied bias is needed during the store
state, the bipolar DRAM has potential for use as a short-term
nonvolatile memory.
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Arsenic precipitate accumulation and depletion zones at AlGaAs/GaAs
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Al Ga, _ ,As/GaAs heterojunctions were grown by molecular beam epitaxy under normal
growth conditions except that the substrate temperature was 250 °C. After a 1 h anneal at
600 °C, a narrow precipitate depletion (PD) zone was observed on the Al,Ga, _ ,As sides of the
heterojunctions, while a high density precipitate accumulation (PA) zone was observed on the
GaAs sides. The formation of these PD and PA zones is explained as a result of diffusion of
excess As atoms across the interface from the Al,Ga,_,As layer to the GaAs layer. No
significant difference in PD and PA zones was found at inte.faces between Al,Ga, _ ,As grown
on GaAs and GaAs grown on Al Ga, _ ,As, indicating a negligible effect due to the growth
sequence. Widths of PDs were about 250 A, exhibiting a weak dependence on the Al

concentration of the Al,Ga, _ As layers.

GaAs and Al,Ga, _ ,As epilayers that are grown by mo-
lecular beam epitaxy (MBE) under “normal” group l11-V
fluxes but at very low substrate temperatures contain as
much as 1% excess arsenic.! Upon annealing these epilay-
ers at a temperature of 600 °C, the excess arsenic forms
precipitates (GaAs:As, Al,Ga, _ ,As:As).>* Because of
their unique electrical and optical properties, these III-V:V
epilayers have found many device applications™'? since
Smith er al.’ first used GaAs:As to eliminate side gating in
GaAs metal semiconductor field effect transistors. In this
article we present our study of arsenic precipitate forma-
tion at annealed Al Ga,_ As/GaAs heterojunctions
which were grown at low substrate temperatures.

The film used in this work was grown in a Varian GEN
II MBE system. A GaAs buffer layer was first grown at
600 °C and then the substrate temperature was lowered to
250°C while continuing to grow GaAs. The heterojunc-
tions were then grown at a substrate temperature of 250 *C
using As,, two Ga effusion furnaces, and one Al effusion
furnace. The growth rate was 1 um/h and the group V to
total group I1I beam equivalent pressure was kept at 20 for
the GaAs and Al,Ga, _ ,As layers. This was possible with-
out growth interruptions by adjusting the temperatures of
the two Ga and the Al effusion furnaces during growth.
Three heterojunctions of different Al concentration were
contained in the film as shown in Fig. 1. The Al,Ga, _ As
and GaAs layers were all of about 0.2 um in thickness.
After growth the film was annealed in the MBE chamber
at 600 °C for | h under an As, flux.

Distributions of As precipitates in the Al Ga, _, As/
GaAs multilayer structure were examined by using a JEM
2000EX electron microscope. Cross-sectional samples par-
allel to {110} planes were prepared by Ar ion milling at
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low temperatures for the transmission electron microscope
(TEM) observations. The TEM images show the presence
of a high density of As precipitates in all layers grown at
250 °C. No significant differences in the sizes or densities of
the precipitates were found between the GaAs and
Al Ga, _ As layers. The average diameter of the precipi-
tates is 80 A and their density is in the range of 10/®cm ~ 3.
These values are comparable to those obtained in earlier
studies of GaAs:As and Al,Ga, _ ,As:As layers.”™

At each Al,Ga, _ ,As/GaAs interface, a narrow precip-
itate depletion (PD) zone was found on the Al,Ga, _ As
side. Figure 2 is a 200 dark field image of an interface
between Al;;Gag,As and GaAs. In the image,
Alg 1Gag ;As and GaAs layers appear as bright and dark
regions respectively, and the As precipitates are seen as
dark spots. As seen in the image, a narrow PD zone with a
width of about 250 A exists along the interface on the
Alj ;Gag ;As side. The image also shows the existence of a
precipitate accumulation (PA) zone on the GaAs side of
the interface, in which the density of the As precipitates is
higher than that in the interior of the GaAs layer. These
PD and PA zones were observed at all Al,Ga, _ ,As/GaAs
interfaces in this sample. Figure 3 is a 200 dark field image
showing all three Al,Ga,_,As layers. Two important
points regarding the PD zones are seen in this image. First
is the existence of similar PD and PA zones in both normal
and inverted interfaces, which indicates no significant Je-
pendence of the formation of these zones on the growth
sequence. The second point is the nearly identical widths of
the PD zones at all interfaces, suggesting no or a weak
dependence on the Al concentration in the Al,Ga, _ ,As
layers.

The TEM observations describ.d above suggest that the

© 1992 American Vacuum Soclety 812




813 Mahalingam et al.: AiGaAs/GaAs heterojunctions grown at low substrate temperature 813

1 hour post-growth anneal st 600°C
GaAs:As 0.2um
Alg 4Gag gAs:As 0.2 um
GaAs:As 02um
Growth
Temperature Alg 3Geg 7As:As 0.2 um
250°C
GaAs::'s 0.2 um
Alg2GaggAs:As 0.2um
GaAs:As 0.12 um
GaAs Tempersature
Transition Region 0.25 ym
+GaAs 0.5 um
‘l’w
600
Undoped GaAs Substrate

FIG. 1. Cross section of the film structure

formation of PD and PA zones is a result of diffusion of
excess As from an Al,Ga, _ ,As layer to a GaAs layer
during the post-growth anneal. 1t is difficult to assume that
these zones resulted from nonuniform concentrations of
excess As in the as-grown sample. The flux ratio of As to
group III elements was kept approximately constant dur-
ing the growth of the muitilayer structure, which should
yield a uniform As concentration in each layer. In -.ddi-
tion, the symmetrical appearance of PD and PA ones
between normal and inverted interfaces rules out the po.-
sibility th-t the PD and PA zones resulted from a chang:
of the flux condition at a transition from one layer to the
next layer. It is also difficult to assume that excess As

250 A

FiG. 2. 200 dark field image of the interface at the Al,.Ga,-As/GaAs
heterojunctions

F1G. 3. 200 dark field image of three A1, Ga, ,As/GaAs heterojunctions.

atoms exist in these PD zones with the same concentration
as that in the interior of an as-grown Al,Ga, _ ,As layer
but have not formed precipitates.

The diffusion of excess As from an Al,Ga, _ ,As layer to
a GaAs layer during post-grcwth anneal is suggested by
the following observations. The average spacing of the As
precipitates in the interior of the Al,Ga, _ As layers and
of the widths of the PD zones is similar. This similarity is
explained by the fact that both lengths are determined by
the mean square distance of the diffusion of individual As
atoms for the period of the post-growth anneal. (It should
be noted that TEM images in Figs. 2 and 3 cor.espond to
projections of three-« mens _nal microstructures so the
spacing of the As precipitates in the images appear smaller
than they are.) The other and more direct evidence is the
existence of a PA zon- along each PD zone. The difference
of the precipitate density between a PA zone and an inte-
rior of a GaAs layer appears to correspond well to the
density of precipitates that are missing in the PD zone. In
an earlier study, we observed a PD zone in an
Al 1Ga, -As:As/GaAs:As heterostructure that was an-
nealed at 600 °C for a half-hour.* The width of the PD zone
in that sample was found to be smaller than those in the
present sample as expected from its shorter annealing time.

The most interesting aspect of the PD and PA zones is
the driving force for the diffusion of excess As across an
interface. As seen from densities of As precipitates in inte-
riors of GaAs and Al,Ga, _ ,As layers, no significant dif-
ference of thc As concentration exists between the two
layers in the as-grown sample. Therefcre, it is unlikely that
the As diffusion across the interface is caused by a gradient
of the As concentration. The difference that can be found
in the present sample is only the presence and the absence
of Al on the two sides of the interface. Therefore, our
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Increased thermal generation rate in GaAs due to electron-beam
metallization
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Leakage currents due to thermal generation in a reverse-biased p-n junction can be accurately
monitored by measuring the capacitance recovery transient of a p-n-p structure. Using this
technique, it has been demonstrated that the thermal generation in the bulk depletion region of
GaAs p-n junctions grown by molecular beam epitaxy can be as much as three orders of
magnitude greater for samples metallized in electron-beam evaporators as compared to thermal
evaporators. The increase in thermal generation rate is shown to be dependent upon the device
area exposed during the evaporation, the type of metal initially evaporated onto the sample, the
growth conditions during molecular beam epitaxy, and the depth of the p-n junction from the

semiconductor surface.

INTRODUCTION

Electron-beam (E-beam) evaporation of metals for use
as ohmic or Schottky contacts and first-level interconnects
is a common fabrication technique used in planar GaAs
integrated circuit (IC) processes.' Recently, however, it
has been reported that metallization performed using E-
beam evaporation causes a factor of five degradation in the
mobility of a modulation-doped two-dimensional electron
gas (2-DEG)? and a slight increase in the forward-biased
current of Schottky barrier diodes.’ The effect of E-beam
metallization on the thermal generation rate in the bulk
depletion region of GaAs p-n junctions is also significant.
In this paper, it is demonstrated that thermal generation
rates can increase by more than three orders of magnitude
when samples are metallized in E-beam evaporators rather
than in thermal evaporators. Moreover, it is shown that
this increase in thermal generation rate is dependent upon
the device area exposed during the evaporation, the type of
metal initiaily evaporated onto the sample, the growth con-
ditions used during molecular beam epitaxy (MBE), and
the depth of the p-n junction from the semiconductor sur-
face.

DEVICE FABRICATION

In order to investigate the effect of E-beam metalliza-
tion on the generation rate, several structures like the one
shown in Fig. 1 were grown in a Varian GEN II MBE
system on two-inch diameter, non-indium-mounted
p+-GaAs substrates. The growths were conducted at a
substrate temperature of 600 °C, a growth rate of 1 um/h,
and a group V molecule to Ga beam equivalent pressure of
20 (as measured with an ion gauge in the substrate growth
position). The arsenic species used in one growth was the
dimer As,, while the tetramer As, was used in all other
growths.

Each film was divided into three samples that were
processed simultaneously using the following procedure.
First, an electrical contact was made to the p* substrate
by alloying indium. A liftoff procedure was then used to
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form the top ohmic contacts. In this process, a 1.5 um
layer of AZ1350]J-SF positive photoresist protected areas
of the wafer where no metal film was desired. Aporoxi-
mately 250 nm of metal was deposited onto two of the
three samples using a 9-kV Airco Temescal E-beam evap-
orator. On the first sample, the contact to the top
p T -region was formed using 250 nm of Au, while the con-
tact to the second sample was formed using 100 nm of Ti
followed by 150 nm of Au. The third piece of each film was
used as a control sample, and in this case 250 nm of Au
was deposited in a Norton Research Corporation (NRC)
thermal evaporation system. Following the metal liftoff,
the devices were completed with a mesa-isolation etch in 1
NH,OH:3.5H,0,:500 DL

MEASUREMENT TECHNIQUE

The p-i-n-i-p buried-well structure shown in Fig. 1 can
be used to monitor very accurately the small currents due
to thermal generation in a reverse-biased GaAs p-n junc-
tion. When using this structure, the thermal generation
currents are observed by measuring the depletion capaci-
tance between the top and bottom p*-GaAs regions.>’
More specifically, a positive voltage is applied to the top
p* contact to deplete the floating 7 region of electrons and
charge it to a positive potential with respect to the sub-
strate. After charging the n region, the applied voltage is
removed and the top contact is grounded. The n region
then returns to an equilibcium condition due to reverse-
bias leakage currents which result primarily from genera-
tion in the bulk space-charge region of the two p-n junc-
tions and generation at the mesa-etched perimeter. During
this recovery process, a capacitance transient can be aob-
served as the reverse-bias depletion widths shrink.

For the p-i-n-i-p structure, this capacitance recovery
transient can be characterized by a time constant 7, which
is inversely proportional to the generation rate. In partic-

ular,®’
: 1
GB+GP(P/A)]' (

1
T,=Np [—

G|=Ne
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p*-GaAs 1x10'% cm® 100 nm

i- GaAs 30 nm

n - GaAs 5x10" cm> 200 nm

i - GaAs 30 nm

p*-GaAs 1x10' cm® 1000 nm
p'*- GaAs Substrate

FIG. 1. Cross section of the p-i-n-i-p structure used to characterize the
leakage currents due to thermal generation in a reverse-biased GaAs p-n
junction. Thin intrinsic regions are included to reduce the peak electric
field, thereby eliminating field-enhanced generation.

where G is the total generation rate, G is the bulk gener-
ation rate, Gp is the effective perimeter generation rate,
P/A is the diode perimeter-to-area ratio, and N is the
doping concentration given by

= NoNa
Np+ N4’

where N is the donor concentration and N, is the accep-
tor concentration. If a device is dominated by bulk gener-
ation (Gg > GaP/A), the recovery time constant can be ex-
pressed as

Np 2)

(3)

where 7, is the intrinsic carrier concentration, and 7, is the
bulk generation lifetime. For a perimeter-dominated device

= (4)
where s, is the surface generation velocity. By substituting

expressions for 7, 55, and n,° (3) and (4) can be rewritten
in an exponential form given by

C

Tp= ?;exp(s,,/k,r), (5)
G

T"Pz"ﬂexp(EAP/k,T), (6)

where C, and C, are proportionality constants, kg is the
Boltzmann constant, 7 is the absolute temperature, and
E, 5 and E,p are the effective bulk and perimeter genera-
tion activation energies, respectively. The T? temperature-
dependent prefactor arises from the temperature depen-
dences of the thermal velocity included in 7, and sp and the
effective density of states term included in n,. For the pur-
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F1G. 2. Recovery time consiant as a function of temperature for 100
X 100 um? devices fabricated on the film grown using As,-flux. The insent
shows the room temperature capacitance transient of a device on the
control sample. The room temperature transient has a time constant of
approximately 6 h.

pose of analysis, it will be assumed that the recovery time
constant 7; can be approximated by a single exponential
term. In this case,

C.
7,= 71 exp(Eu/ksT), Q)
where C; is a proportionality constant and E, is an effec-
tive activation energy of the total generation process.’ Us-
ing (7), values for E, can be obtained from an exponential
fit to a In(7,72) vs 1/T Arrhenius plot.

EXPERIMENTAL RESULTS

The recovery time constant as a function of tempera-
ture for 100 X 100 um? devices fabricated on the film grown
using As, flux are shown in Fig. 2. In this figure, data fo:
the control sample are indicated by open circles, while data
for samples with contacts formed by E-beam metallization
are indicated with filled squares, circles, and diamonds.
The various filled markers are also used to represent data
for samples having different contact metal-to-active area
ratios and/or different contact metals. In particular, filled
squares represent devices with a 95% metal-to-active area
Au contact, filled circles represent devices with a 35%
metal-to-active area Au contact, and filled diamonds rep-
resent devices with a 35% metal-to-active area Ti/Au con-
tact.

Several important conclusions regarding the effect of
E-beam metallization can be drawn from the data given in
Fig. 2. Most significantly, more than a three order of mag-
nitude degradation in the recovery time constant is ob-
served at all measured temperatures following E-beam dep-
osition of Au. This difference is labeled (a) in Fig. 2. For
example, the room-temperature recovery time constant for
the control sample is approximately 6 h, as shown in the
insert of Fig. 2, whereas the time constant is only 4.5 s for
devices with 95% metal-to-active area E-beam evaporated
Au contacts. The activation energy of the generation pro-
cess is also reduced by E-beam evaporation, from about
0.92 eV for the thermally-evaporated control sample to
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approximately 0.63 eV for the E-beam evaporated samples.
Similar experiments performed in a Varian E-beam evap-
oration system yield comparable resuits. However, there is
evidence to suggest that the degree of degradation may
vary with the type and design of E-beam evaporator used
to deposit the metal.’

The data in Fig. 2 also indicate that the increase in the
generation rate is proportional to the active area exposed
during the E-beam metal deposition. In particular, the line
segment labeled (b) in Fig. 2 shows the difference between
the recovery time for devices with 35% and 95% metal-
to-active areas. To explain this result, the expression for
recovery time given in (1) can be extended to include a
term due to the metallized area 4,,. In particular,

1 1 Ay (4~ Ayy) P
i G"‘A—*G”—T‘*G’Z]
1 Ay P
=E[(GM—GB)7+GB+Gp2]v (8)

where G, is the bulk generation rate under the metal con-
tact and Gy is the bulk generation rate under the nonmet-
allized device area. Figure 3(a) shows the reciprocal of the
room-temperature recovery time plotted as a function of
metal contact-to-active area for devices metallized with E-
beam evaporated Au. By comparison to (8), it is evident
that the recovery is dominated by generation in the bulk
regions below the metal contacts (Gy) which were not
protected by photoresist during E-beam evaporation.
Moreover, generation in bulk regions outside the metal
contact (Gp) and generation at the etched perimeter
(Gp) are negligible compared to generation under the
metal contact. 3s suggested by the shaded area at the bot-
tom of the graph. In contrast, Fig. 3(b) shows that the
control sample, which was not exposed to the E-beam en-
vironment, has clearly discernible bulk and perimeter com-
ponents.

Finally, line segment (c) of Fig. 2 demonstrates that
the generation rate is also a function of the type of metal
initially evaporated onto the sample. When Ti is used as
the first layer of the metal contact, the degradation in the
recovery time constant is one order of magnitude less than
when Au is deposited directly onto the GaAs. Similarly,
Auret et al. found that Schottky barrier diodes (SBD’s)
formed with Ti were of higher quality than SBD's made
with Pt.} This group determined that during deposition,
stray electrons from the electron gun introduce defects in
n-type GaAs. The difference was attributed to the fower
E-beam intensity used to melt Ti and the corresponding
reduction in electron dose imparted to the sample during
the evaporation. This conclusion is consistent with the re-
sults presented here since a higher E-beam intensity was
used during the Au evaporation than during the Ti evap-
oration.

ACTIVATION ENERGY OF THE CONTROL SAMPLE

The difference in measured activation energies of 0.92
eV for the control sample and 0.63 ¢V for the E-beam
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FIG. 3. (a) Inverse recovery time constant at room temperature as a
function of metallized area for devices with E-beam evaporated Au. For
small metal-to-active area ratios, the reverse-biased leakage resuits prima-
rily from generation in the bulk space-charge region and generation at the
mesa-ctched perimeter (indicated schematically by the dashed line). For
ratios larger than 0.3, however, the leakage is due to generation in the
bulk depletion region under the metal contact. (b) Inverse recovery time
constant of the thermally-evaporated control sample as a function of
perimeter-to-area ratio. The intercept indicates the bulk generation rate
Gy while the slope indicates the perimeter generation rate Gp These
generation mechanisms are obscured in the E-beam samples by the much
larger generation G, in the E-beam damaged regions.

evaporated sample can be explained by considering the rel-
ative contributions of the various generation mechanisms:
Gy Gp and Gp As described previously, the recovery
process in the control sample consists of components due
to bulk and perimeter generation. By combining (3), (4),
and (8) and setting G, = Gjp (there are no E-beam dam-
aged regions in the control sample), we can write

1 1 1

—=— . (9)

Ts Ts8 Tsp
Figure 4 shows a plot of 1/(7,T%), 1/(rsT?), and
1/(rpT?) versus temperature. From the slopes of
1/(7,3T%) and 1/(7,5T?) the activation energies for bulk
and perimeter generation can be determined using (5) and
(6). For the control devices, E .5 = 0.68 eV while E,p
= 1.1 eV. The dashed line in Fig. 4 is a plot of 1/7, ob-
tained by adding 1/7 and 1/7,, according to (9). The
activation energy for this line is approximately 0.91 eV.
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FIG. 4. Inverse recovery time constant of thermally-evaporated control
sample as a function of temperature. Generation due to the bulk and
perimeter are indicated with solid lines, whereas the sum is indicated with
a dashed line. From the slopes, E(3 = 0.68¢eV, E, = 1.1eV,and E,
= 091eV.

Thus, the measured activation energy of the control sample
can be viewed as a weighted average of the activation en-
ergies for bulk and perimeter generation.

ACTIVATION ENERGY OF THE E-BEAM METALLIZED
SAMPLES

The activation energy of 0.63 eV observed in the E-
beam evaporated samples, however, is entirely due to gen-
eration in the bulk depletion region under the metal con-
tact (Gy). In this case, it is reasonable to assume that the
activation energy might be used to identify a specific deep-
level trap. Two groups have characterized E-beam induced
defects using deep-level transient  spectroscopy
(DLTS).%!® Following E-beam irradiation, both groups
identified two dominant deep levels: a trap identified as
EL2 which was present in the as-grown metalorganic
chemical vapor deposition (MOCVD) and metalorganic
vapor phase epitaxy (MOVPE) material and an electron
trap at E- — 0.57 eV which was introduced during the
E-beam metallization. The EL2 was present with a concen-
tration of 10" cm - * which did not change with exposure
to the E-beam environment. The trap at Ec — 0.57 eV was
not detected in the as-grown film. After E-beam metalliza-
tion, however, the density of this trap was about 10'¢
cm ~ 3 near the surface and decreased almost exponentially
with distance into the material. The concentration dropped
below the DLTS detection limit at 130 nm from the sur-
face.

In general, it is assumed that the activation energy of a
generation process should correspond to the largest energy
transition an electron must make in order to move from the
valence band to the conduction band. Thus, the activation
energy for generation through a trap at £ — 0.57 ¢V in
GaAs would appear to be 0.85 eV. Under specific condi-
tions, however, it can be shown that the lower activation
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energy can actually dominate the process. An equauon
which more accurately describes the generation process in
a depletion region is derived beginning with (3), and sub-
stituting for the generation lifetime 7,

N

B Er-E; Er—E;
o= |\ o | + esp| - |
(10)

where E7 is the trap level, E; is the intrinsic Fermi level,
and 7, and 7, are the hole and electron lifetimes. Simpli-
fying further, using

—E
n= NCNyexp(i-k—,%;) , (1)

(10) becomes

Ny Er—Ey Ec—Er
=gy [ () + e (S |

where N and N are the conduction band and valence
band effective density of states. Finally, by substituting the
expressions for 7, and -rp,s

1 Er—Ey
7o (")

Np
T =
*® JNC‘NWthNT
1 (Ec—Er)

+ z. exp %

) (13)

where vy, is the thermal velocity, N is the trap density,
and 0, and o, are the hole and electron capture cross sec-
tions. Equation (13) can be rewritten to include the T?
temperature-dependent prefactor which appears in (5)

C,[1 Er—-Ey, 1 E-—Er
”sa'—‘?z -a—pexp(—-k—;-j.—)+;-exp(—iﬁ—) , (14)

where C, is a proportionality constant.

If it is assumed that the E-beam induced trap at E¢
— 0.57 eV reported in Refs. 9 and 10 is responsible for the
bulk generation in these samples, then Ec — Ey = 0.57eV.
This requires that E; — Ey = 0.85eV. Since electron emis-
sion to the conduction band would require less thermal
energy than hole emission to the valence band, one would
expect hole-electron pair generation to be limited by hole
emission, yielding an activation energy of 0.85 e¢V. How-
ever, if the electron capture cross section is smaller than
the hole capture cross section, then electron emission could
become the rate-limiting process, and the smalier activa-
tion energy would be observed.

The generation activation energy of 0.63 ¢V measured
on our samples is close to that reported in Refs. 9 and 10.
As discussed, our generation data would be consistent with
the DLTS data under the assumption of asymmetrical cap-
ture cross sections. We hasten to point out, however, that
based on our data alone, we cannot unambiguously identify
a specific trap position within the band gap, and cannot say
whether the trap is in the upper or lower half of the band
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FIG. 5. Recovery time constant as a function of temperature for 100
% 100 um? devices fabricated on films grown using the As, and the As,
species of arsenic flux.

gap. As a result, the association of our generation process
with the trap identified in Refs. 9 and 10 must be regarded
as tentative.

EFFECT OF GROWTH CONDITIONS ON GENERATION
RATE

As indicated in Fig. 5, the generation rate also depends
on the growth conditions during MBE. In this figure, the
recovery time constant is plotted as a function of temper-
ature for samples grown using the As, and the As, species
of arsenic flux. The As,-grown sample demonstrates the
properties described previously for the As,-grown sample.
In particular, there is more than a three order of magni-
tude increase in the generation rate following E-beam met-
allization, and the activation energy of the generation pro-
cess changes from 0.92 eV to approximately 0.63 eV. There
is, however, a larger recovery time constant associated with
both the As,-grown control sample and the As,-grown
sample metalli-ed using E-beam evaporation.

Since the activation energy of the As,- and
As-grown samples are the same after E-beam metalliza-
tion, it is likely that the generation mechanism is the same
in both samples. During MBE, the As, and As, fluxes are
produced from different effusion cells, so it is possible that
different types and/or densities of impurities might be
present in the films. Even if no impurities are present, the
difference in arsenic incorporation mechanisms'"'? could
possibly lead to a difference in the density of defects in the
film. Whatever the source, we postulate that nonelectri-
cally active defects are present in the as-grown film and the
density and nature of these defects depend upon the MBE
conditions. Upon exposure in the E-beam system, however,
some of these defects change configuration and become
efficient generation sites.

DEPTH DEPENDENCE AND DAMAGE MECHANISM

Since leakage in the E-beam irradiated samples is due
to generation in the bulk space-charge region of the p-i-n
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FIG. 6. Recovery time constants of E-beam damaged samples as a func-
tion of cap layer thickness. All samples were grown with As, flux. The
sample with a 1000 nm cap layer has a recovery time within a factor of
two of the control sample, indicating that the penetration depth of the
damaging species is much less than 1000 nm.

junctions, the depth dependence of the mechanism causing
the increased generation rate can be determined by varying
the distance of the p-i-n junctions from the top surface of
the structure shown in Fig. 1. Two additional films having
p 7 -cap layers of 50 and 1000 nm were grown using the
As, arsenic species. In these two films, the thickness of the
n region between the two p-i-n junctions was not changed.
Both samples were processed in a manner identical to that
described previously. Figure 6 shows a plot of the recovery
time constant versus temperature for the samples with 50,
100, and 1000 nm cap layers. The recovery time constant
of the sample with the 1000 nm cap-layer thickness is es-
sentially equal to that of the thermally evaporated sample.
(The time constants of the 1000 nm cap-layer thermally
evaporated samples are approximately a factor of two
lower than the 100 nm cap-layer thermally evaporated
samples. This is attributed to an increase in the perimeter
generation due to a deeper mesa-isolation etch profile.) In
contrast, the recovery time constant of the 100 nm cap-
layer sample is approximately two orders of magnitude
lower, and the 50 nm cap-layer sample is approximately
three orders of magnitude lower than that of the control
sample.

A plot of the inverse recovery time constant at 95 °C as
a function of cap-layer thickness is shown in Fig. 7. In
addition, the data of the depth dependent Ec — 0.57 eV
electron trap measured by Kleinhenz er al. is also
included.’ Extrapolating from the 50 and 100 nm cap-layer
data (assuming the damage decreases nearly exponentially
with depth), the damage which causes increased genera-
tion appears to be limited to the first 200 nm of semicon-
ductor material, at which point the recovery time constant
becomes equal to that measured for the thermally evapo-
rated samples. This is consistent with the depth depen-
dence of the E- — 0.57 eV trap observed in the MOCVD
samples.
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FIG. 7. The data of the depth dependent E- — 0.57 eV electron trap
measured by Kleinhenz er al. are shown using the left vertical axis, while
the inverse recovery time constant at 95°C as a function of cap-layer
thickness are shown using the right vertical axis. The depth dependence of
the mechanism causing the increased generation rate is consistent with
that of the Ec — 0.57 eV trap observed using DLTS in the MOCVD
samples.

In addition to information related to the trap energy
level and its effect on generation rate, the mechanism caus-
ing the introduction of these defects dunng E-beam expo-
sure is also of interest. Possible mechanisms include x-rays,
energetic electrons, and ions. In order to demonstrate that
the damage species is indeed energetic electrons as reported
in Refs. 9 and 10 and not x-rays or ions, the relative pen-
etration depths of these species in GaAs can be estimated
and compared to the experimental data described previ-
ously. The calculated range for 9 keV electrons in GaAs
using the expression given in Ref. 13 is approximately 300
nm. For x-rays, the intensity decreases exponentially with
depth into the GaAs."* Assuming a gold target bombarded
with 9 keV electrons, the point at which the intensity of the
resulting 3 keV emitted x-ray has fallen to 1/e of its initial
value is around 1.7 um. Finally, the penetration depth of
Au ions as determined from standard tables is less than 10
nm.'* As a result of these calculations, it seems reasonable
that any damage due to x rays present in the system would
extend much deeper than the 200 nm region within which
damage is occurring in these samples. Likewise, the dam-
age occurring from Au ions would be limited to the near
surface region of the GaAs p * -cap layer, and would not
penetrate to the p-n junction. Thus, it can be concluded
that the damage in the E-beam metallized samples is due
primarily to energetic electrons.
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CONCLUSIONS

In summary, more than a three order of magnitude
increase in the thermal generation rate of E-beam metal-
lized GaAs p-n junctions has been observed compared to
samples metallized in a thermal evaporator. The increase
in generation rate depends on the device area exposed dur-
ing evaporation, the type of metal initially evaporated onto
the sample, the growth conditions during MBE, and the
depth of the p-n junction from the semiconductor surface.
The generation activation energies of all the samples ex-
posed to the E-beam environment are approximately 0.63
eV. Additionally, the depth dependence of the induced de-
fect causing the increased generation is similar to that re-
ported for an E- — 0.57 eV level introduced into MOCVD
films by E-beam exposure. Finally, from studies of the
depth dependence, it can be concluded that the primary
damage mechanism is high-energy electrons.
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High resolution x-ray diffraction methods have been used to characterize GaAs grown at low
substrate temperatures by molecular beam epitaxy and to examine the effects of post-growth
annealing on the structure of the layers. Double crystal rocking curves from the as-deposited
epitaxial layer show well-defined interference fringes, indicating a high level of structural
perfection despite the presence of excess arsenic. Annealing at temperatures from 700 to 900 °C
resulted in a decrease in the perpendicular lattice mismatch between the GaAs grown at low
temperature and the substrate from 0.133% to 0.016% and a decrease (but not total
elimination) of the visibility of the interference fringes. Triple-crystal diffraction scans around
the 004 point in reciprocal space exhibited an increase in the apparent mosaic spread of the
epitaxial layer with increasing anneal temperature. The observations are explained in terms of
the growth of arsenic precipitates in the epitaxial layer.

Gallium arsenide epitaxial Jayers grown at low sub-
strate temperatures (LT-GaAs) have recently attracted
considerable attention due to their interesting and poten-
tially useful electrical properties. Following growth by mo-
lecular beam epitaxy (MBE) at temperatures in the vicin-
ity of 200 °C, LT-GaAs films that are annealed at elevated
temperatures exhibit extremely high resistivities and break-
down strengths.! Despite the fact that this material is
grown at temperatures that are much lower than those
typically employed in MBE, numerous studies have indi-
cated that the crystalline quality of LT-GaAs is surpris-
ingly high.>”’

X-ray diffraction is an obvious method for character-
izing LT-GaAs and for observing the effects of post-growth
annealing on the structure and perfection of this material.
X-ray rocking curves of as-grown LT-GaAs typically ex-
hibit a lattice parameter that is larger than that of bulk
GaAs, whereas samples annealed at 600 °C were reported
to revert to the bulk lattice constant of GaAs.>> Wie and
co-workers have reported that the lattice parameter of LT-
GaAs changes abruptly at an anneal temperature of
around 350 °C, where the perpendicular lattice mismatch
decreases significantly.®® They also reported that samples
subjected to either furnace annealing or rapid thermal an-
nealing show a transition from a lattice expansion to a
lattice contraction at higher temperatures. We have con-
ducted a high resolution x-ray diffraction analysis of LT-
GaAs grown by MBE to better undersiand the structure of
the as-grown material and to clarify the effects of post-
growth processing on this material.

The films used in this work were grown in a Varian
GEN 1I MBE system on two-in.-diam undoped (001)
GaAs substrates. The nominally undoped layers were
grown at 1 um/h using an As,/Ga beam equivalent pres-
sure ratio of 20. The growth sequence consisted of first
depositing a 0.5 um GaAs layer using a substrate temper-
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ature of 600 °C. The substrate temperature was then low-
ered to 225 °C while growth of GaAs continued. This tem-
perature decrease took 15 min, resulting in a 0.25 um
temperature transition region. After attaining the target
substrate temperature of 225 °C, a GaAs layer with a nom-
inal thickness of 1 um was grown. The wafer was then
removed from the MBE system and cleaved into samples
that were annealed in a computer-controlled AG Associ-
ates mini-pulse rapid thermal processor. The anneals were
done using a proximity cap for a duration of 30 s; samples
were annealed at 700, 800, and 900 °C. These anneals result
in the formation of As precipitates due to the excess As
that was incorporated in the GaAs layer. Using transmis-
sion electron microscopy, it has been observed that the
average diameter of the precipitates increases and their
density decreases as the anneal temperature is increased.’
For 30 s anneals, typical average precipitate diameters and
densities are 70 A and 1x10"” cm~? (700 °C anneal), 150
A and 1Xx10' cm™? (800 °C anneal), and 200 A and 3
% 10 cm~=3 (900 °C anneal).

High resolution x-ray diffraction analyses were per-
formed using a Bede 150 double-crystal diffractometer. In-
stead of the conventional single reflection monochromator,
a pair of grooved silicon crystals was used in which the
incident x-ray beam executed four (220) reflections in the
(—,4+,+,—) geometry.‘o Copper Ka, radiation was ob-
tained from a Rigaku RU200 rotating anode generator. A
relatively large beam size on the sample (6 mm?) was used.
Analogues to conventional double-crystal rocking curves
were obtained with the sample situated on the first axis of
the diffractometer (i.e., in the location usually used for the
monochromator in the double-crystal geometry), and the x
rays diffracted by the sample were recorded with a wide-
open scintillation counter. Alternatively, the intensity dif-
fracted by the samples was also examined by placing a
triple bounce (220) grooved silicon crystal on the second
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FIG. 3. Triple-crystal scans from annealed LT-GaAs (identical ranges of q, and q, in all scans). (a) 700, (b) 800, (¢) 900°C.

the main Bragg peak. The angular deviations of the sample
and analyzer crystals from the (004) reflection were con-
verted into the orthogonal reciprocal space coordinates q,,
q, using the relationships given by lida and Kohra."

The intensities in the figures are recorded on a loga-
rithmic scale as a function of position in reciprocal space;
the equal intensity contours are given in increments of 0.8
units of the logarithm of the measured intensity. Visible in
the figure are the so-called surface streaks in the q, direc-
tion which arise from the truncation of the crystal lattice at
the sample surface.'* Residual scattering from the analyzer
crystal is also apparent as an inclined streak in the intensity
contour plots. Close examination of the surface streak con-
firmed the presence of interference fringes in the annealed
samples. More important is the angular extent of the dif-
fuse intensity in the q, direction; the triple-crystal scans
show that the extent of this scattering increases with in-
creasing anneal temperature. The apparent width of the
residual scattering from the analyzer crystal also increases,
presumably due to the greater angular extent of the diffuse
scattering from the LT-GaAs layer.

Studies of oxygen precipitation in silicon have demon-
strated that similar growth phenomena result in long-range
distortions in the vicinity of precipitates.'® We believe that
the increase in the extent of the x-ray scattering in the q,
direction is due to strain fields that arise from the arsenic
precipitates. These strain fields would locally increase the
angular range over which Bragg diffraction could occur,
thus increasing the angular extent of diffracted intensity
observed in the q, direction.'® In other words, the apparent
mosaic spread of the epitaxial layer increases with an in-
crease in anneal time and average size of the arsenic pre-
cipitates. Dynamical diffraction effects would also be dis-
rupted by the presence of precipitate strain fields; hence the
reduction in the visibility of the interference fringes that
was noted in the annealed samples would occur naturally
during precipitate growth. Although the visibility of the
interference fringes in the double-crystal scans does not
vary as strongly with anneal temperature as does the in-
tensity distribution in the q, direction, this difference may
be due to the enhanced strain sensitivity of the triple-
crystal configuration.

In conclusion, the structural properties of as-grown

2844 Apol. Phvs. Lett.. Vol. 80. No. 21, 25 May 1992

and annealed GaAs grown at low temperature by MBE has
been examined by high resolution x-ray diffraction tech-
niques. We have found that the crystallographic quality of
the material examined in this study is extremely high, as
evidenced by the presence of well-defined interference
fringes in the as-grown material. Triple-crystal x-ray dif-
fraction reveals an increase in the apparent mosaic spread
of the LT-GaAs with increasing anneal temperature. We
attribute this observation to the presence of strain fields
that are associated with the thermally-induced arsenic pre-
cipitates.
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Characterization of a GaAs/AlGaAs Modulation-Doped
Dynamic Random Access Memory Cell
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ABSTRACT

We report the electrical properties of a GaAs dynamic random access memory (DRAM)
cell in which the storage capacitor is a modulation-doped heterojunction and the access
transistor is a modulation-doped field-effect transistor (MODFET). Experimental
waveforms illustrating both reading and writing are exhibited. Isolated storage
capacitors have 1/e storage times as long as 4.3 hours at room temperature. The
complete DRAM cell exhibits a room temperature storage time of about 3 minutes,

Iimited by gate leakage in the access transistor.

* Present Address: Cypress Semiconductor, San Jose, CA
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Characterization of a GaAs/AlGaAs Modulation-Doped
Dynamic Random Access Memory Cell

J.S. Kleine*, J.A. Cooper, Jr., and M.R. Melloch
School of Electrical Engineering
Purdue University
West Lafayette, IN 47907

In recent years, several groups have investigated GaAs heterojunction structures for use in
dynamic memory applications. The earliest work involved charg: storage at the interface
between GaAs and undoped AlGaAs [1-4]. In this type of capacitor, the storage time is
"leakage limited”: An excess electron concentration stored at the heterojunction leaks away
over time as the device returns to its equilibrium state.  Since the electrons are confined by
the relatively small conduction band offset at the heterojunction, charge retention in this
structure is too short for DRAM operation at room temperature {4]. Other investigators
have studied a leakage-limited memory device which stores electrons in a GaAs/AlGaAs
quantum well [5,6]. Storage times of 1-2 sec were reported at room temperature.

However, it is not possible to quickly erase the charge stored in this structure.

It has been recognized for some time that a modulation-doped structure would make an
ideal storage capacitor [7]. Unlike undoped layers, a donor-doped AlGaAs layer bends the
semiconductor bands sufficiently that a two-dimensional electron gas (2DEG) is present at
the GaAs/AlGaAs interface in equilibrium. To store information, electrons are removed
from the cell, and the cell gradually returns to equilibrium by thermal generation. This type
of cell is termed "generation-limited”. Cells of this type were recently reported by Chen et

al. (8], and exhibited a storage time of about 5.4 sec at room temperature.
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In this letter, we report modulation-doped storage capacitors having storage times in excess
of four hours at room temperature and MODFET DRAM cells with storage times of three
minutes at room temperature. A schematic diagram of the DRAM cell is shown in Fig. 1.
The cell consists of a modulation-doped storage capacitor and a MODFET access transistor.
The gate of the storage capacitor is biased at the substrate potential. The inversion charge at
the GaAs/AlGaAs interface (or 2DEG), present in equilibrium, serves as one plate of the
storage capacitor. A "one" is written to the storage capacitor by removing the 2DEG
through the access transistor. During the storage period, the capacitor is isolated from the
bit line by biasing the transistor to the off state. In a production DRAM, the substrate
would be semi-insulating; we have used a p*+ substrate to facilitate monitoring the operation

by observing the capacitance of the storage gate.

The epitaxial layers in Fig. 1 are grown in a2 Varian GEN-II MBE machine. The AlGaAs
barrier consists of a 36 nm doped layer (1.3x1018 cm-3 silicon) surrounded by undoped
spacer layers. All A1GaAs layers have an AlAs mole fraction of 30%. The resulting 2DEG
density is 1.5x1012 electrons/cm2. An undepleted p* GaAs cap layer is used as the gate for
both the access transistor and the storage capacitor in order to reduce leakage currents from
the gate [9]. The ohmic contact to the 2DEG consists of thermally evaporated and alloyed
Au and Ge. Contact to the p* cap layer is made with thermally evaporated Au. Electron-
beam evaporation is explicitly avoided, since this has been shown to increase the thermal
generation rate in GaAs pn junctions [10]. The storage gate, transistor gate, and bit line are
isolated from each other by removing the intervening p* cap with an electrically monitored

ewch. The entire cell is mesa isolated by wet etching

Figure 2 shows the drain current for a typical MODFET access transistor at a drain bias of
2.5 V. This transistor is depletion mode with a threshold voltage of -2.08 V. The
subthreshold slope is 81.3 mV/decade, higher than the undoped limit of 60 mV/decade due
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. to the p~ doping in the substrate. The drain current consists of three components: drain-to-

source, drain-to-gate, and drain-to-substrate current. For gate biases more negative than
-2.4 V, the drain current begins to increase due to drain-to-gate and drain-to-substrate
leakage. The drain-to-substrate component arises because of the alloyed ohmic contact to
the drain. Since the DRAM cell does not contain an ohmic contact adjacent to the storage

capacitor, the alloy contact leakage is not present in the DRAM cell and the minimum

current would be slightly lower than shown here.

In Fig. 3, both a "one" and a "zero” are written to a MODFET DRAM cell. For the
purposes of this demonstration, the charge state of the storage capacitor is monitored by
recording the capacitance between the storage gate and ground. When the 2DEG within the
storage capacitor is removed, the substrate depletion layer expands and the capacitance
decreases. In the figure, the arrows indicate the points where the access transistor is
momentarily pulsed to the "on" state. At these points the storage capacitor quickly charges
to the potential of the bit line, and an abrupt capacitance change is noted. When the
transistor is off, transitions in the bit line potential do not affect the capacitor charge.
However, the charge density in the capacitor gradually returns to its equilibrium value
(rising capacitance) as a result of generation in the depletion region. For the present case, a
gate bias of -2.9 V maximizes the storage time. We are able to write the DRAM cell with
gate pulses as short as 20 nsec, limited only by our present measurement equipment. This

demonstrates that the charge is mobile and not stored in traps.

Figure 4 shows the temperature dependence of the storage time for a DRAM cell and for an
isolated capacitor. Capacitor storage times of up to 4.3 hours are observed at room
temperature. The capacitor exhibits two different activation energies, indicating two
competing generation processes are present. Both these activation energies are higher than

half-bandgap, suggesting that generation is occurring through centers which are at some
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distance from the middle of the bandgap. This DRAM cell has a storage time of 120 sec at
room temperature and an activation energy intermediate between the two values observed in
the capacitor. The dramatic reduction in storage time is due to gate leakage in the MODFET
access transistor. Both these structures were metalized by thermal evaporation. As stated
carlier, the storage time is seriously degraded if electron-beam evaporation is used for metal
deposition. Identical storage capacitors metalized by electron-beam evaporation exhibited
storage times of only about 15 minutes at room temperature. This is consistent with recent

observatons of Stellwag, et al. [10].

A demonstration of electrical read-out is shown in Fig. 5. Here the potential of the bit line
is monitored by a high-impedance FET probe. Inidally, the 2DEG is removed (or partally
removed) by pulsing the storage gate to a negative bias for sufficient time for the electrons
to recombine with substrate holes. Then the storage gate bias is returned to zero. When
the access transistor is turned on 50 msec later (at t = 0), charge sharing occus between the
storage capacitor and the combined capacitance of the bit line and FET probe, resulting in a
voltage output proportional to the storage capacitor potential. The decay of the output
signal for t > 0 is due to the conductance of the FET probe and leakage in the bit line ohmic

contact.

In summary, we have built and characterized modulation-doped storage capacitors with
storage times in excess of four hours at room temperatwr  These storage capacitors have
been combined with MODFET access transistors to produce DRAM cells with storage
times up to three minutes at room temperature. A p* GaAs gate is used to reduce gate
leakage in both the storage capacitors and the access transistors, and electron-beam

evaporation of metal layers is avoided to reduce generation in the depletion regions.

This work was supported by the Office of Naval Research under grant N00014-89-J-1864.
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Figure Captions

Structure of the MODFET DRAM cell. A p* GaAs gate is used for both the
storage capacitor and the access transistor. The capacitor is 187 x 189.5 um

‘and the access transistor gate is 5.5 x 54 um.

Drain current at room temperature in a typical MODFET at a drain bias of 2.5
V. The transistor has a gate length of 5 pm and a width of 26 um. For gate
voltages below -2.4 V, drain-to-gate and drain-to-substrate leakage dominate.

Demonstration of writing the DRAM cell. Write pulses are applied to the word
line at the points indicated by arrows. Capacitance is proportional to the 2DEG
charge in the storage capacitor. Note that the storage capacitor is unaffected by
changes in bit line potendal when the access transistor is off. The 1/e recovery

time of this cell is approximately three minutes at room temperature.

Temperature dependence of the storage time in a DRAM cell and an isolated
capacitor. A 1 sec, -1 V pulse is used to empty the isolated capacitor of its
charge. The capacitor exhibits two activation energies, indicating two

competing process are present.

Bit line waveforms during reading as a function of the write pulse voltage used
to empty the storage capacitor. The access transistor is turned on at time t=0,
which occurs 50 msec after a "one" is written to the cell. The storage capacitor
contains a partial 2DEG even for the -1.5 V case, since the threshold voltage

for removal of the 2DEG is -2.08 V.
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