~AD-A168 866

UNCLASSIFIED

HIGH SPEED COMPOUND SEMICONDUCTOR DEVICES IN LAYERED
STRUCTURESCU)> ILLINOIS UNIV AT URBANA COORDINATED

SCIENCE LAB

F49620-83-K-8021

H MORKOC 25 FEB 86 AFOSR-TR-86-8301

F/G 208/12

i1

NL




s\"

4
D
) \..’:.J
s
SN
' .a-"‘.r,‘.'
.
Bl ¢
. v
N
AT

*

<

I
I

N
18,

=

|

S

= e =

b
w12

- g

&

s e

o
-

A fan i ans dat Seh el St ad ek Bep et R -Anh '.v'\""T




......

- e P

KFOSR-TR- 86-0301 @

DTIC

ELECTE

cat il Of
;

[N
D

0 |

e

HIGH SPEED COMPOUND

-~
I N g
a & ?

SEMICONDUCTOR DEVICES

AD-A168 866

IN LAYERED STRUCTURES

m T R

Prevared for the Air Force Office of Scientific Research

S————
Luh!

Final Report Covering the Period of

January 1, 1983 to December 31. 1985

———
v S o

S'n‘n )

3
R

AFOSR Contract Number F49620-83K-0021

-

BTG FiLe cop

Approved for publie release;
S distribution ualimited. -

B e T e T
2Ny P A T U,




L

LA
R AP

+
3

e

N _ﬂ‘u

R
A P

B

L

W, P
‘: '.. 'I'..l‘ .l. .y ‘nl "t

o

PRI

¢
ey

REPORT DOCUMENTATION PAGE

“. REPGCRT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified
2a ss .um*rv CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY os REPORT
Avicos . L le relense,;
o oY TR -
'zb. OECLASSIFICATION/DOWNGRADING SCHEDULE Coatritationwalaniteds
',-::t. PERFCAMING ORGANIZATION AREPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
". - .
: ~ v - FAN0 A
apa AFOSR.TR. 36-0130]
“6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL |7a. NAME OF MONITORING ORGANIZATION
- Coordinated Science Labora- (17 applicadle)
“l tory, Univ. of Illinois N/A Air Force Office of Scientific Research
8c. ADDRESS (City. State and ZIP Code) 7b. ADORESS (City, State and ZIP Code)
J» 1101 W. Springfield Bolling AFB, DC 20332
l Urbana, IL 61801
.1 8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
T QRGANIZATICN (17 spplicable)
AFOSR Ng Contract # F49620-83K-0021
. 8c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
i—l PROGRAM PROJECT TASK WOAK UNIT
Bolling AFB, DC 20332 ELEMENT NO. - NO. NO. NO.
_ 22 R R Cl
/( ks Coep oo Jep 10 | e &
# veed C CHLp- Ot Joor NI RN A AR RN AT N
’_2_ PE Rsomu. A‘UTHOﬁ(S) ’
- Morkocg, Hadis
13a TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr, Mo.. Day) 15. PAGE COUNT
final FRom __1/83 to 12/85 2/25/86 67
- 16. SUPPLEMENTARY NOTATION
. N/A
[' 17, CSAT!I CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by blocs numbder)
L. _=recd cRouwp ! Sus. GA.
1 ; GaAs on Si, MODFET, Hot electron Transistors
L : i

- 19. AdSTRACT Conuirug on reverse ![ necessary and identify by dlock number)
Much progress has been made in the growth of GaAs on Si, GaAs MESFETs, MODFETs,
HBTs, lasers on Si, modeling of MODFETs and MODFET ring oscillators, InGaAs/AlGaAs

J ‘.'.‘.Ln-". !

MCDFETs, InGaAs hot electron transistors, GaAs/Alds resonant tunneling transistors,

single and multi juantum wells. Accomplishments were reported in about 200 journal

e
LS .
A T, 4, . SASE

articles, 50 conference papers and 25 seminars over the past three vears. Only the

GaAs on Si, InvGal_vAs/AlGaAs MODFET and InGaAs hot electron transistor related research

.
v '
o

acconmrlishments are summarized in this document. A list of publications covering all

.
.

of the research funded by the AFOSR is provided as an appendix for those who are

. Ol

interested. i

I‘l

JISTRIALTION 4vAILABIL.TY CF 2@8STRACT 21 A2STRALZT SECLRITY CLASS/FICATICON
WLUNCLASSIF ED UNLIMITED X SAME A3 9PT _ STIC USERS _ unclassified
“¢ 225 NAME SF AESPONSIBLI NCIVIDUAL 22b TELEPWCNE NSULMBESR V22c. cFF.cE 5 ~mEOL !
i )1 & At inciude fnza Coae: ‘ ; ‘
i . P . -
o - U w ey : e '
ZL_ / 7\1 b oog E‘r | \OTYE"F\\( A/ N J

'z"JC FCRM 1473, 33 APR SCITICN 3F 1 LAN 73,5 D8SCLETE, RN o



.
. ‘."'
B

i

1

III-V Semiconductors on Si Substrg;es -

Rt A "

I. Introduction

T ‘nion

The use of Si as a substrate materiai;féf?fhoﬁhkfbﬁth"bf LG;AS provides
several advantages and new possibilities. Firstﬂ.the growth of GaAs on Si
would allow Si circuits to be combined with that of GaAs. In this way, the
critical functions could be performed with GaAs while the less critical omnes
could be done in Si, .taking advantage of - the high integration densities,
Another possibility is the use of GaAs lasers for optical off chip communjca-
tiom, reducing the off chip driver requirements which is at present a major

bottleneck in overall system speed.

Aside from these new possibilities mentioned above, there are advantages
in using Si substrates for GaAs techmology itself. At present, GaAs sub-
strates larger than 3'' diameter are not available. The growth of GaAs on
large diameter Si wafers would provide a larger diameter wafer on which to

build GaAs ICs. Further, Si has a larger thermal conductivity than does GaAs

which would allow higher power dissipation levels, Si is also much less
expensive and is mechanically stronger than GaAs, . minimizing wafer ©breakage

problems,

The growth of device quality GaAs on Si poses some difficult problems to
overcome. First, there is a 4% lattice mismatch between the materials.\_-]—_——
Secondly, GaAs is a polar semiconductor while Si is a nonpolar one which can |
give rise to defects called antiphase domains., In antiphase domains, the GaAs ‘
growth starts in some regions with the cation plane while in ot er regions
with the anion planme, The growth of GaAs on Si provides an interesting system

Jedes
to study the mechanisms involved in the ipnitial stages of epitaxy.

1 or
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II. Growth and Materials Properties

As mentioned above, .the suppression of antiphase domains is an important
issue in the growth of GaAs on Si. The method we have ssed to suppress anti-
phase disorder is to grow on the (100) surface and to deposit an As prelayer

1.2 Since As is quite

to ensure 8 uniform starting plane across the substrate.
volatile, .a low initial growth temperature is required, While it is possible
to grow GaAs at these low temperatures by reducing the growth rate, .it would

be better if it were possible to use higher growth temperatures, . as better

qual ity material could be obtained.

In growing GaAs in the (100) direction, planes alternate between Ga arnd
As, . and thus by ensuring a uniform starting plane on an atomically flat sub-
strate surface, .the material should be free of antiphase disorder, If taere
are steps in the substrate surface however, the situation is modified. It is
known that in the Si (100) surface both single and double atomic layer steps
exist. At a single atomic layer step with uniform As layer coverage, an anti-
phase boundary will be genmerated. However, we have found through the use of
chemical etching stndies,3 x—ray scattering,4 Raman scattering experiments and
transmission electron microscopy (TEM)5 that the layers are free of antiphase

disorder.

The second issue in the growth of GaAs on Si is the 4% lattice mismatch.
TEM investigations have revealed that there are two types of edge dislocations
which accommodate the majority of the mismatch in this system,  one with its
Burgers vectcr in the plane of the substrate and one with its Burgers vector
nonparallel to the substrate planme., When the dislocation has its Burgers vec-—

tor in the substrate plane, the dislocation 1ine cannot propagate into the

epilayer and therefore does not degrade the material quality. Al so, fewer

Lice
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dislocations of this type are required to accommodete the mismatch., The use
of the strain field of a strained layer superlattice to bend the dislocations
combined with intentionally generating perfect edge dislocations propagating

in the growth plane has reduced the dislocation densities dramatically.

Another issue with regard to the problem of mismatch is that GaAs and Si
do not have the same thermal expansion coefficient. Studies of x-ray scatter—
ing4 have revealed that the GaAs is expanded in the substrate plane
(compressed in the growth direction) which is opposite that expected by com-—
paring lattice constants. Since GaAs has a larger thermal expansion coeffi-
cient tham Si, this would be expected, . and the amount of strainm rougily
corresponds to that expected from the difference between growth temperature
and room temperature, Studies by Raman scattering have shown no observable
shift in the LD phonon peak, indicating no strain, However, the penetration
depth of the light in this expe?iment was about 800&, which demonstrates that

the strain in these samples is confined to the interfacial region.

III. Devices and Fabrication

The properties of devices fabricated in these GaAs layers grown on Si
lock quite promising, We have investigated the properties of Gads MESFETs on

Si at both dc and microwave frequencies.6

and have found very 1little differ—
ence (if any) between those grown on GaAs substraves and on Si substrates.
Furthermore, the properties of both types were found to be nearly identical to

GaAs MESFETs with the same geometry fabricated by direct implantation into

GaAs substrates. Current gain cutcoff frequencies and maximum oscillation fre-

quencies of ft=13.3GHz and f,,,=30GHz were obtaired for GaAs MESTETs with

i.2um gate grown on Si substrates as shown in Figure 1. At dc, GaAs/AlGads
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:\‘::. MODFETs on Si having characteristics nearly identical to those grown on GaAs
BN have been obtained.l
=
N Since field effect transistors are majority carrier devices, . their pro-
::, perties are not as sensitive to the material properties as a minority carrier
\
::‘ device. Therefore, .the bipolar transistor and in particular the HBT provides
ﬁ-z a umnique tool to investigate the material quality of GaAs on Si, We have
::::“ al ready obtained HBTs with common emitter current gains of f=13 for a struc-
j,-:f ture with a 0.2um thick base.7 This value of B is certainly a usable valrue
from the standpoint of circuit operation, however, .it is not as high as could
_‘1 be obtained from the same structure grown on GaAs, A series of HBT structures
’ was grown with the base width as a parameter in order to determine whether the F
.'_‘.tf:'. gain is limited by recombination in the neutral base region. For base widths :1
of 0.2,0.,15 and 0.1um, curremt gains of f=12,13 and 12 were obtained, .indicat-
”‘- ing that recombination in the neutral base region is not the limiting mechan—
. For a relatively large geometry HBT on Si (4x20;un2 emitter), we have
':'.:Sj:: obtained a curremt gaim cutoff frequemcy 5 of fr=30GHz.  Values of
::::; fmax;11.3GHz have also been obtained as shown in Figure 2. These results com—
: pare with the values of f,=40GHz and f,,,=26GHz which are the best reported .
%-' for an HBT structure on GaAs with an emitter width of ~1.%um, .
"~
:’,:' Heterojunction devices hold significant advantages over Si devices, j
2-; Therefore, the ability to monolithically integrate the two would have many
advantages., A useful feature of GaAs on Si is that the typical processing :
‘.::’ temperatures are very much different and ithe two semiconductors are quite dif- J
."' ferent chemically. We have demonstratedg'that the processing steps involved
:...: in producing GaAs devices on Si are compatible with 5i NMDS devices, by 3
e

-

N
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2 showing that little or no degradation in NMOS FETs occurred in fabricating
N
l GaAs/AlGaAs MODFETs on the same wafer. This result demonstrates the possibil-

ity of a monol ithically integrated GaAs/Si system.

IV. Conclusion
Despite the inherent difficulties in growing GaAs epitaxial layers on Si, .
excellent device performance has been achieved, These results open an entire
new direction for heterojunction electromics as it makes possible the combina-
'.j_.- tion of Si devices with high speed heterojunction devices. This new direction

{
i . only adds to the importance of III-V heterojunction devices in future elec-
P.‘ ‘- tronics,

o
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D Figure 1.

3 Figure 2.

Figure Captions

Maximum available gain and small sigmal current gain plotted as a

function of frequency for a 1.2um GaAs MESFET on Si,

Microwave gain and current gain versus

frequency for a 4x20um2

emitter GaAs/AlGaAs heterojunction bipolar transistor grown om Si.
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",':.',. High Performance AlGaAs/InGaAs
hdad r' Pseundomorphic Modulatior—Doped FETs

S I, Introduction

" Modul ation—doped heterojunction semiconductor structures have been shown
- Y
P :'.-__ tc be excellent candidates for field effect transistors (MODFETs) due to their
::::j-f . superior electron transport properties parallel to the heterointerface, Elec—
! o trons from donors in the higher band-gap materials are confined in a potential
N -
.-Z:. o well in the narrow band-gap material forming a degenerate two-dimensional
::j';:} electron gas (2DEG). The separation of - these electrons from the ionized
N h donors greatly reduces impurity scattering resulting in a high electron mobil-—
\ - ity and saturation velocity. By far the most commonly studied MODFET is based
.:\,: -

on the GaAs/(Al,Ga)As system al though other systems such as InGaAs/InP and
- l-‘ InGaAs/AlInAs have also been demonstrated. Recently a new type of MODFET
LY

j::: called the pseudomorphic or strained-quantmm—-well MODFET usirg the InGaAs/GaAs
~:._'::: -‘_:, system has been introduced. A thin layer of the narrow band-gap InGaAs, which
O > is lattice mismatched to GaAs (~1%), is sandwiched between =an undoped GaAs
't:'-:“ B buffer and a doped GaAs cap layer. The InGaAs is thin enough (~2 00} that the
::::::: lattice strain is taken up coherently by this quantum well 1resulting in a
— dislocation free 'pseudomorphic’’ material. More recently we demonstrated that
- Eag

‘-':»:". : by replacing the GaAs with the even higher band-zap low mols fraction AlGaAs
o
:‘_:’.: oy that device performance rivaling the best reported Gals/AlGaAs MODFET results
""--- -..

e . -

®s ¢ are possible.1 4 In this section we describe the advantages of this system
';::'.-: . over the GaAs/AlGaAs system,; these advantages include improved noise perfor
a5

oo mance, higher operational frequencies and no degradation during crvogenic
f:.' .

q ] operation.
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An important consideration with any modulation-doped system is the con
doction band discontinuity (AEC) or, . more importantly, the discontinuity
between the donor level in the high band-gap material and the narrow bandgap
conduction band. A small discontinuity results in less efiicient electron
transfer and therefore a smaller 2DBG concentration. Furthermore, .a small A.Ec
compounds the problems of the parasitic MESFET effect and may increase the
possibility of hot electron injection into the higher band-gap material. In
the GaAs/Al Ga, _As system an aluminmm mole fraction greater than 0.2 is
needed to provide a sufficiently large AEc for adequate electron tramsfer,; in
the InGaAs/Al Ga;_/As system a mole fraction of only about x=0.15 appears suf-

ficient because the conduction band of InGaAs lies below that of  GaAs. The

use of high mole fraction Aleal_xAs (x>0.2), however, can lead to persistent

photoconductivity (PPC) effects. These include the 'collapse’ of  drain I-V

characteristics (see Fig., la) and uncontrollable threshold voltage shifts at
77K (see Fig. 1b). This latter problem of - threshold voltage shifts occurs
even in devices which do not show the collapse and make 77K logic very uanrel i-
able. Deep levels (DX ceanters) in tae Aleal_xAs are bel ieved to be the cause

of  the persistent properties. The InGaAs/AlGaAs MODFET avoids these problems

by using a lower mole fraction (2¢0.2) where the DX occupation probabil ity is

signif icantly reduced.

In micron and submicron structures the intrinsic transconductance is (to
first order) determined by th: product of the average electron velocity and
the 2DEG capacitance. A higher transconductance is expected with the InGaAs
based systems over GaAs due to the higher saturation velocity in InGaAs. The
2DEG capacitance can likewise be made higher by decreasing the thickness and

increasing the doping concentration of  the higher band-gap material. The

U
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InGaAs/AlGaAs system has the advantage over GaAs/AlGaAs that higher doping

densities are possible with low mole fraction Alx(;al_xAs due to reduced donor
compensation, Furthermore, the AlGaAs trap density, which is in part propor-
tional to the doping concentration is significantly reduced in low mole frac-—

tion Al xG al_xA S.

The same advantages of InGaAs/AlGaAs over GaAs/AlGaAs MODFETs in dc per

formance can be applicable to microwave performance. Consider the limiting

is the average

current gain cut-off frequemncy given by f'l"_"va/Z"L‘g where v,

electron velocity under the gate and L‘g is the gate length. The improved
electron saturation velocity in InGaAs should result in a significant increase
in f-'r compared with that of GaAs FETs. Generatiom recombination noise is also
expected to be lower due to reductiomn of occupied deep levels in 1low mole

fraction Al xGal_xAs.

II. Device Structure and Fabrication

The pseudomorphic single quantmm well InGaAs/AlGaAs structures studied
were grown by MBE on semi-insulating GaAs substrates, Figure 2(a) shows a
typical structuore which begins with a ten period superlattice (not shown) com
sisting of 50] GaAs and 20} AlAs layers. This is followed bv an unintention

ally doped lpm GaAs dbuffer layer and either a 150 or 2004 quantum—well of-

. o
(strained) undoped InyGal_yAs with v varying from 0.05 to 0.2. Finmally a 30A
18_ -3

] -
Aly 156Gag gsAs mndoped set-back laye:, 350A 0-Al, ,;Gay ggAs doped 3x10 " cm
with Si, and, a 2003 n+—GaAs cap lzyer to facilitate ohmic contact formation

is grown. The band diagram of a typical pseudomorphic structure is shown in

Fig, 2(%»).
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T Device fabrication is in no way different from that used with the well-
e

“

. establ ished GaAs/AlGaAs system. The process begins with defiming and etching
L

\\ of mesa isolation patterns using standard UV. photolithographic ani etching
's'._'\

:'f: techniques. Source and drain regions are then defined in positive photoresist
T

, and AuwGe/Ni/Au contacts evaporated. The metal is lifted—off and alloyed at
:E:::-- 500°C in bydrogen atmosphere. Nominal lum gate patterns in 3um channels are
- : def ined using chlorobenzene treated photoresist (AZ4110)., Next a wet chemical
Vz“ etch is used to recess the gate region below the GaAs cap layer,;.this step is
::':::' immediately followed by evaporation of~~3000& of aluminum. Finally a t1iick
-::;::: Ti/Au overlay metallization is deposited forming bond pads. A unoptimized
—e 1 2 290um T-gate FET structure is ased for microwave characterization and half

a 1x290um T-gate FET (145um) is used for dc characterization, Fabricated

wafers are scribed into individoal devices and typical FETs bonded to TO-18

% g

headers for dc measurements. S-parameter measurements were made up to 26.5:

X a
)
P
[PAN
R

GHz at Cascade Microtech, Inc. using anm onwafer microwave prober.
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III. DC Characterization
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Hall measurements performed on the sample shown in Fig. 2 indicate a 300K

»
.

low field mobil ity and areal concentration of-6000cm2/v—s (lowered by parallel

P

e conduction) and 1.4x1012<:1|:—2 respectively:. at 77K, . these values are
'.::::: 29,000cm2/V-s and 1.2x1012<:1n—2 and exhibited no PPC effect. This large sheet
:.'_'r.f carrier concentration is certainly adequate for high current FETs. When a
‘(‘
0

ve.\:: 1004 AIO.ISG‘O.SS."S set-back was substituted for the 30A layer the 2DEG conm
¢ ; centration reduced to 3zx1011cm™3 and the Hall mobility iuncreased to 8,000,
2 s

[

‘-_‘:: 95,000 and 158,000 cm2/V—s at 300K, 77K and 10K, respectively which represent
b a¥]

g the highest yet reported mobilities for a strained-layer structure. The 1low
:':::' sheet carrier concentration, however, makes this higher—mobility structure
o~
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(EE ‘: less suitable for FETs,
.\_“ t To demonstrate the cryogenic performance of InGals/AlGaAs pseudomorphic
. modul atiomdoped material is superior to that of the more conventional
- 3 GaAs/GaAs material, Hall measurements were made down to 12K in the 1l1i1ght and
F. ‘_ dark. At 12 and 77K measurements of persistent photoconductivity were per—
' - formed by measuring the sample in the dark just following illumination, As
i'.-: Fig. 3 shows there is virtually no change in either the mobility or sheet car-
: ' rier concentration between light and dark for the InGaAs/GaAs sample as com-—
A
pared to a conventional GaAs/AlGaAs sample of similar structure. These data
«. ji:: show that for similar carrier concentrations the larger mole fraction (x=0.3)
§;
NN necessary in the GaAs/AlGaAs system results in significant light sensitivity
- and PPC effects.
::"-t. [' Devices were dc characterized using an HP145 semiconductor parameter
t'_-_.jﬁ ‘ analyzer at both 300 and 77K. The current-voltage and FET transfer charac-
,, teristics at 300K are shown in Fig. 4(a) and (b), respectively, for the
:. ., 1x145um pseundomorphic structure given in Fig. 2(a). The curves show excellent
:: ,- saturation and pinch—off characteristics with an output conductance of 700uS
‘ and an on resistance of 18.44. A threshold voltage, defined by a linear
;':‘ extrapolation of the drain current versus gate voltage to zero current, of
\ —‘ -0.3V is measured. A peak extrinsic transconductance for this 15% In mole
:: fraction device of 270 m=S/mm at 300K is obtained at a gate wvoltage of +0.1V
“-’ ¢ and a d-ain current density of 100 mA/mm., When the indium mole fraction was
-,‘_k: - increasec to 20% and the strained-quantum well size reduced to 1508 the
‘\ i (extrinsic) transconductance climbed to 310 mS/mm at 200K, This transconduc—
I
. " tance is siperior to the best reported transconductances for 1lum nomr self-

. il igned GaAs/AiGaAs MODFETs. A theoretical calculation of the 1 % indium FET
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transfer characteristic based on a classical one-dimensional charge control

model indicates a maximum intrinsic transconductance of 370 mS/mm.

Fig. 5 (a) and (b) show the 77K dc characteristics for the y=0.15 device
in the dark, There is no 'collapse’ as is sometimes seen in GlAS/Aleal_xAs
MODFETs using x)0.25. When the device is illuminated, .the curves remain vir
tually unchanged and completely return to their original values when the
source of illumination is removed, Similar characteristics were observed for
other indium mole fractions., Again the saturation is extremely sharp with an
output conductance of only 200uS and an on resistance of 10.9Q8. The threshold
voltage at 77K increased to —0.2V representing a shift of only about 0.1V from
300K. The peak transconductance increased to 360 mS/mm at a gate wvoltage of-
+0.2V and a current density of 125 mA/mm. The 20% indium mole fraction device
again showed the highest transconductance with 380 mS/mm at 77K, Table I sum-
marizes the effect of mole fraction on transconductance. The trend of
increased transconductance with y is clearly evident with the exception of the
10% which showed a reduce transconductance due to under—etching of gate

recess.

A large current swing is just as important as high transconductance for
logic devices where gate capacitance charging time determines switching sp:ed.
At 1V on the gate, drain currents in excess of 290 mA/mm at 300K and 310 mA/mm
at 77K were obtained. This demonstrates that significant current levels are

possible with the InGaAs/Al1GaAs heterojunction system.

An important problem with conventional GaAs/Al5aAs 'ODFETs is the posi-
tive shift in threshold voltage after a gate bias sufficient to fully turmon
the channel is applied. This device instability due to bias stress appears as

a hystersis in the FET transfer characteristics, A large positive gate
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:E - vol tage bends the conduction band in the (Al,Ga)As enough to allow energetic
. ‘ electrons to fill DX traps. The injected charge acts to decrease the 2DEG
| concentration and therefore shifts the transfer characteristic towards higher
" gate voltages. (Simil ar effects have been reported for Si/Si\‘)2 MOSFETs. )
~ = While both bias stress threshold shifts and I-V 'collapse’ are measures for
- the quality of AlGaAs, in particular the DX occupation probabil ity, many sam-
: -;_: ples exhibiting no 'collapse’ show significant threshold shifts when stressed.
hs The bias stress test is therefore a more sensitive indicator of AlGaAs trap-
ping problems.

T Figure 6 shows the transfer characteristic before and after bias stress
‘ ‘ for both a psendomorphic In, ,,Gay gsAs/Aly y5Gag gsAs and a conventional
: \ GaAS/Alo.sGaoJAs MODFET with simil ar threshold vol tage and doping concentra—
’ - tiom. Measurements were performed at 77K where the trap emptying time (order
, ' of minutes) is much longer than the measurement time (~55). Devices were
cooled to 77K with V/o=2V and Vg(Vqg. A HP4140 pico-ammeter was used to moni-
5 tor the drain current while the gate voltage was swept to Vé=1V, maintained
o ! for one minute, and swept back down to V&;(vm, Fig. 7 clearly indicates that
the pseudomorphic MODFET shows virtually no threshold shift while the conven
tional MODFET shows & 0.12V shift. This lack of threshold shift can be attri-
'. b buted to low mole fraction Al, . Gay gsAs where the percentage of occupied DX
_ centers is significantly reduced because of the increase in equil ibrium energy
: :_‘ of DX centers over the Fermi energy. This bias stabilitv is especially impor-
‘ tant for practical cryogenic device operation.
The source resistance, which is a combination of the ohmic contact resis—
; ‘ tance Rc and the parasitic semiconductor resistance Rgy, was measured using
/ transmissiomrline measurements at both 300 and 77K. T:e contact resistance
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was measured at low electric fields where a constant 2DEG concentration could
be assumed for the various gap lengths and resulted in an excellent linear fit
of  total resistance as a function of contact spacing. Contact resistances of
0.170°mm and 0.23Q°mm were obtained at 300 and 77K, . respectively. The
discrepancy between the two temperatures may be because the room te:perature
contact resistance is not due solely to the contact made to the 2DEG (as is
the case at 77K), but includes in parallel a better contact to the partially 3

conducting AlGaAs.,

The parasitic semiconductor resistance between the source and gate was
determined at both 300 and 77K as a function of current density for current
densities of 0 to 200 mA/mm. At 77K this value rises from about 1650/ at
low current levels to 2808/ at 200mA/mm. This increase in resistance is due
to the mobil ity becoming smaller as the electric field is increased. At 300K
this increase is not as dramatic., The total source resistance was determined
then for the relevant current density by adding the contact resistance and the
product of sheet resistivity and source-gate spacing. Typical values for a
3um source gate spacing were 2.7 and 1.00mm at 300 and 77K, .respectively, and

are expected to improve with processing devel opment. «

The intrinsic transconductance 8n int W8S calculated for each gate length
»

R Ty

device (LG=2,4.6, and 10um) through the relation

Y
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where R_is the total source resistance discussed above and 8y is the extrinm
sic transconductance. The lum gate length device was not included because it

is a part of a different mask set and was therefore processed separately. An

A

anslytic model [23] indicates that transconductance per unit gate width should
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be related to gate lemngth through the relation

L\
1 _ 1 .S S
+ 3C (2)

8

C
m, int oVsat oo IDsat

where C is the 2DEG capacitance per unit area (assumed to be constamt), v,

is the 2DEG saturation velocity, p  is the zero-field 2DBG mobility and Ip .,

is the draimcurrent per unit length at the given gate bias. Figure 7 shows

1 as a function of TL at both 77 and 300K. According to (2)
gm. int Dsat
L\
above, the intercept at I—J—-o gives — 1 which is equal to
Dsat m, int (M8X)
1 . Good fits were obtained to eqn (2) at 300 and 77K and from the slope
oV sat

of the curves the zero—field 2DEG mobil ity was found to agree with Hall meas-
urements. The saturation velocity, calculated from the intercept at 77K is
3.12107cm/s which is substantially higher than the average velocity of

1z7x107cm/s for a 1luym gate length device determined from the relation

Eni

vave=C . Both saturation and average velocities in this system are signifi-
o

cantly higher than those found in conventional AlGaAs/GaAs 'ODFETs of the same

geometry.

IV, Microwave Performance

The microwave performance of pseudomorphic MODFETs were measnred from 1
to 26.5 GHz nusing a Cascade Microtech omwafer prober and avtamated uetwork
analyzer. The current gaia h21 of the devices were determined from tle meas—
ured S-parameters. Shown in Figure 8, the f.r of the 20 device is 24.5G’z,
which is vastly superior to comventional MODFETs. The -equivalen: circuit
model of Figure 9 was found to provile an excellent fit to the mea:ured s—

parameter data. Flement valunes, listed in Table II, were fit to rthe data
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using a least-squares—error optimization routine. Figure 8 also shows the

-

current and power gain performance as predicted from the model. fmax is
predicted to be 40GHz from both the circuit model and by extrapolating the
power gain data at a slope of —64B ' per octave,.a 30% performance gain over ol
conventional MODFETs. Table II shows element values, .f.r and £ . for devices
with increasing indiom mole fractions, These results, also depicted in Figure
10, show microwave performance improves with increasing indiom mole fraction.

We project fo for 1/4um gate-length devices to excoed 100 GHz which would be

25% better than the best results reported to date.

Both high frequency and low frequency noise measurements have been per—
formed and compared to those obtained in GaAs/AlGaAs conventional MODFETs with
identical geometry. The high frequency results indicate that the noise meas—

ure at room temperature of these InGaAs/AlGaAs MODFETs are 35% lower thamn in

Al
by A

otherwise identical GaAs/AlGaAs MDDFETs; at 15K the noise measure is reduced
by more than 50% (from that of GaAs/AlGaAs MODFETs). The projected perfor—
mance for 1/4um gate—length devices of- this type 1is superior to anything

avail able today.

Equivalent low frequency gate noise voltage spectra of  lum gate—lengt:
modul ationrdoped FETs with In0.15G‘0.85‘.xs quantun well structure have been
measured for the frequency range of 0.01 Hz and 100 MHz and compared with the
noise spectra of conventicnal AlGaAs/GaAs MODFETs and GaAs MESFETs. The prom-—
inent g-r noise bulge coamonly observed in the vicinity of 10 KHz in the conm
ventional MDDFETs at 3(0K does not appear in the case of the new InGaAs qjuam
tom welil MODFET. Instead, tis noise spectra indicate the presence of low
intensity multiple g-r noise components superimposed on a reduced 1/f noise. -

The LF noise intensity in the new device appears to be the lowest amongst we

-
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have observed inm any MODFETs and MESFETs, The noise spectra at 82 K in the
new device represent nearly true 1/f noise. The unusual low-noise behavior of
the new structure sunggests the effectiveness of electron confinement in the
quantum well that significantly redices electron trapping in the nAlGaAs and
thus, . eliminates the g-r noise bulge observed in the comventional MODFETs.
Both the low and high frequency noise performance of these devices are impor—
tant and indicate that the InGaAs/Al1GaAs pseudomorphic MODFET is an excellent

candidate for low-noise millimeter wave appl ications,

V1. Conclusion

InGaAs/AlGaAs pseudomorphic MODFETs have been fabricated which ex.ibit
superior dc¢ and rf performance., Hall mobilities as high as 158.000cm2/Vs at

10K and sheet carrier concentrations of 1.2x1012cm_2 at 77K have been obtained

on stch pseudomorphic structures without exhibiting significant light sensi-
tivity or persistent photoconductivity effects. Electron saturatiom veloci-

ties were found to be 20% higher than conventional GaAs/AlGaAs MODFETs.

Extremely high transconductances as high as 310 mS/mm at 3008 and 380
mS/mm at 77K for devices with a lum gate vere obtained. The pseudomorphic
MODFETs exhibited none of the persistent trapping effects observed in conven
tional GaAs/AlGaAs MIDFETs at 77K. 1Ir particular no collapse of draian I-V
characteristics, minimal threshold shift from 300 to 77K, and negligible
effects of gate bias stress were detected, This greatly improved cryogenic
performance is attributed to the low mole fraction of MO.ISG“O.SSAS used and

better carrier confinement in the InGaAs quantum well,

Microwave measurements a3l so indicats *bhe superiority of these devices. A

mazimmm frequency of oscillation of 40GHz, 30% better than comventional M)D-
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FETs of similar structures, and a current gain cut-off frequency of 24,5GHz,

100% better, . were measured for y=0.20, Both of these frequencies were found

. o e

to increase as the indium mole fraction was varied from y=0.05 to 0.2, Low-

il

frequency noise measunrements show that the noise is greatly reduced and

represents nearly true the 1/f noise, and g-r mnoise is also drastically
reduced. High frequency (8GHz) noise measurements indicate noise performance
superior to conventional GaAs/AlGaAs MODFETs. These outstanding microwave ]
characteristics and cryogenic stabil ity make these devices very promising for

high~speed logic and microwave appl ications.
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Figure Captions

Two common problems encountered with cryogenic operation of conven
tional GaAs/AlGaAs MODFETSs:
(s) 'Collapse of the drain I-V characteristics, and

(b) Threshold shifts resnlting from gate bias.

(a) Typical structure for MBE-grown InGaAs/AlGaAs pseudomorphic MOD-
FET and

(b) the associated conduction band diagram, The conducting channel
forms a two-dimensional <electron gas in the strained-layer InGaAs

quantum well.

Hall mcbil ity and sheet carrier concentration as a functiom of tem-
perature for the <conventional GﬂAS/Alo.SGaOJAs and pseudomorphic

Ing 15Gag gsAs/Aly 15Gay gsAs MODFET structure. The pseudomorphic

structure exhibits virtually no light sensitivity or PPC effects due

to the lower mole fraction Aleal_xAs used.

300K current—-vol tage characteristics (a) and transfer characteris
tics (b) for 1x145um pseudomorphic MODFET. Excellent pinchoff and
saturation behavior are evident with a peak transconductance of 270

mS/mm and a maximum current density of 290 mA/mm at Vi)S=2V'

77K Current—vol tage characteristics (a) and transfer characteristics
{b) for a pseudomorphic MODFET with a 3um source—drain spacing. The

gate potential ranges from -0.3V (bottom «curve) to +0.9V (top

curve). The I-V curves remain virtually unchanged under illumina-

Yy
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:'.':-:' tion with no PPC effects or drain I-V ‘collapse’. The peak extrim
e

¥ - l’ si¢ transconductance is 360mS/mm with a maximum current of 310
- mA/om,

WL

D

_ Fig. 6. Gate bias stress measurements for conventional GaAs/Al0 3Gag 7As
~ f . .
"_:j:'_-.' (dashed l1ine) and pseudomorphic InO.15680.8545“\10.15630.85As (sol id
:::::- line) MODFETs at 77K. Threshold voltage shift is due to <electron
AN

_‘ - trapping in the AlGaAs and is a measure of the quality of the
_;_u.'_f' :j:. material. The pseudomorphic MODFET shows very little shift due to
':'::;; the reduced trap occupation probability of low mole fraction
« 1o, 15620, g5As.

N
v

IRV A )

Fig. 7. Dependence of gate length and intrimsic transconductance according

AL

to eqn (2).

I3

Pl A
‘ 0 3

Fig. 8. Maximum available gain (G _ ) and short circuit current gain

(20108“121') of InO.zoGaO.SOAS/‘uO.lsGaO.SSAS MODFET.

.
.:\.:.
:-::- Fig. 9. Equivalent circuit model for MODFETs,
AR .
ARSI Fig. 10. fr and fmay 8s functions of In mole fraction, y, for lum gate lengt

MODFETs.




Table I Effect of indium mole fraction on dc transconductance

g 300K

77K

—
!
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’ Sm ext
|
I

(mS mm)

\? TH

(V)

Smext ‘1 \'TH

: (mS mm) | (V)

253

|
I
|
|

2099

i -0.33

P -0.24

L -0.32

303 p-0.13

276 103




Equivalent circunt parameters for devices with increasing indium mole fractions,

(i

1. :"x_":_'li.‘ .'

R —‘~.'.‘.-.~.'..",',"
B R TLTRITY TN T PR TN

Device Lnit
0 s 10 15 20 R
25 25 2.5 25 s Volts -
VK] 0 -0 3 0.0 0.0 Mohs
43.0 370 23.0 150 240 ma
4278 SO SO 76 72 77.94 SO mS
0.54 0.69 0.7 03N 0.53 rk
3.26 387 338 123 3.90 pec
292 2119 1394 3282 3554 ik
S50.29 63.87 6113 62.62 62 76 tr
2.3 4 00 251 2487 282 mS
104 120 116 1.20 1.20 ()]
482 567 s 79 703 7 31 Q
7.80 726 6 .66 6 49 6.40 Q
1.95 309 353 3.39 339 Q
6 57 26.29 27.97 2288 2282 pH
547 4949 402y 3516 3490 pH
10.05 13.58 10.45 10.36 10.45 rH
30.5 36.0 345 370 400 GH.
12.0 19.0 18.5 21.5 245 uHz
0013 0.018 0.017 0.019 0.016
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Table III

Noise Performance of In,, 5Ga,, gsAs/Al, sGa, gsAs device, at 8GHz

T=270°K

VL (V)
Sl tmA)

. Associated Gain (dB3)
| Min. Noise Figure (dB)
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T=15"K
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P
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b B InGaAs/InAlAs Hot Electron Transistor

W
2 F The transport of hot electrons in thin semiconductor structures has been
3

‘_'.':'_.* » receiving a great deal of attention because of the possibilitvy of collision
‘::::;: i,'~.- free transport which in turn can lead to wultrafast devices, With crystal
‘ o growth techniques such as molecular beam epitaxy (MBE) one can make devices

whose dimensions are comparable to the carrier mean free paths. In such
structures, . the probabil ity of electrons traversing the devices ballistically

increases as their dimensions get smaller. Recently Heiblum et. al.1l showed

Rl >

that about 50% of the electroms exhibit ballistic transport in a 3003 thick

»
3
x
1)

4

P

s (SRR

LA

GaAs layer at liquid heliumm temperature. Various hot electron transistor

IS

(HET) structures have been used by several authors =3 to obtain the distribu-

‘\‘f_ x tion of hot electrons at low temperatures. Although Shur and Eastman6 proposed
,- ’ a purely ballistic model for electron transport in a diode structure composed
-‘ i !i of n+-n_--n+ layers, consideration of inherent problems in the device struc—
x . tures’ 8 made it hard to prove the ballistic effect. Doubie barrier resonant
- tunnel ing structure has al so been used as an electron injector.9‘ In tris
O ;1 report we opresent results that indicate the existence of ballistic transport
_- » through a 0.3um thick mInGaAs plus 800& thick InAlAs semiconductor layer at
. . -

.;- relatively high temperatures (77K).

s

The structure used in the present investigation (described in Fig. 1) was
grown by molecular beam epitaxy om an InP substrate, The substrate was held

at 510°C and the ntype dopant was Si, A three terminal <device was formed

using two i-In A1, _As barriers. This resembles a unipolar iraasistor and the

~ . usual comventicn was adopted to describe the currents and voltages. The
U emitter—base junction which functions as the hot electron isiector was formed
ok by placing a 754 thin i-In_Al,__As (2=0.52) barrier between two n InGahs
.:\.'_
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layers, both doped to 521017cm™3.  The base—collector junction was formed by
. R +

placing a 800} i InxAll_xAs (x=0.52) barrier between two n InyGal_yAs

(y=0.53), layers. The above compositions were chosen to lattice match the

layer:. and thus reduce electron scattering. The common 0.3um thick

+
n InyGal_yAs (y=0.53) layer was the base and formed the transit region for

the injected hot electrons, The collector was doped to 2x1018cm™3,

The energy band disgram of the device is shown schematically in Fig. 1.
The potential barrier height due to band discontinuity between InyGal—yAs and

InxAll_xAs is about 0.6eV. Biasing the emitter negative with respect to tuae

base causes electrons to tunnel through the emitter barrier and reach the base

region with emergies close to eV,,. Since the electron mean free path in

InGaAs is large compared to that in GaAs we were able to make the base region

relatively thick (30003).

By cooling the device, thermal currents are reduced and tunnel ing
currents enhanced. The device characteristics measured at 77K are shown in
Fig. 2. The collector current I, for different emitter currents Ip ranging
from 2.0 nA to 3.5 mA is plotted as a function of V&B‘ In the absence of
electron injection from the emitter (IE=Q) Fowler—Nordheim tunnel ing of base

el ectrons form the collector current,

Appl ication of a negative emitter base voltage raises the electron energy
and when the Fermi level in the emitter reaches the triangular part of the
enjtter-lase barrier, Fowler—Nordheim tunnel ing of electroms occur. Due to
the larye band discontinuity between InGaAs and InAlAs and the voltage drop
across the base resistance, considerable emitter-base voltages (>0.7v) are
required. The electron enmergy as they are injected into the base is about 700

meV. About 1.6% of these electrons are collected at the collector which are
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ballistic. The average mean free path, considering transport through InGaAs
base and InAlAs barrier, calculated from this figure is 920&. This apparently
small figure is & result of our particular device structure: tie large
emitter barrier, thick base region and thick collector barrier contribute to
the small gain., In addition, the injected hot electrons see an abrupt collec—

tor barrier resulting in appreciable quantum mechanical reflections.

In Fig. 3 the conductance, defined as the derivative of'IC with respect

to VbB- is plotted for different Ig. The conductance is proportional to the

dI
cumber of electrons as a function of electron enetgy,2 Ev;lcc n(En) for mnega-

tive collector voltages. In this region collector current IC slowly decreases
and rapidly drops to zero below a threshold voltage which increases with VéE.
It is clear from the figure that the main ballistic peak shifts to larger
negative voltages as the energy of the injected hot electrons increases. This
shift in the ©peak towards more negative vtB'is larger than the vol tage drop
across the 20Q base resistance confimming ballistic transport. The full width
at half maximum remains constant at about 130 meV. While this may secm large
compared to values obtained for a 300& thick base as reported in Ref. 1, when
viewed in terms of the large emitter voltages needed for tunneling in the
emitter barrier, and the thick base region, the observed width seems reasom
able, The nomabrupt drop to zero in collector current observed rear the
threshold vol tage is indicative of this fact. The tail on the left side of
the peak, we believe is the result of some injected electrons tuminel ing

through the top of the triangular collector barrier.

In Table I we present the results obtained in our investigation. it is

assumed that the electrons have the same energy before aad after tuzmnel ing

through the emitter barrier, Thus the maximum energy of trne tunneiing

R e
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4
electrons °V§E is given by
oVpr0-n + elvigl (1)
where @ = Collector barrier height ;
n = Height of Fermi level above the conduction band in the col-
lector.
Vt3~= Collector voltage corresponding to maximum electron energy. -

The calculated energies of  the In A1, _;As barrier are given in the last
o col mmn, The values range from 600 meV. to 678 meV: with an average of 633.6°
meV. This is in reasonable agreement with the barrier height of 0.6 eV!
obtained by thermionic emission measurements. The observed spread of about 35

meV: in our experiment, .we believe, .is due to the dispersion of tunnel ing elec- -

trons in the thick base region.

In summary, we have observed ballistic transfer of electrons at 77K in a
relatively thick (0.3um) Iny 53Gag 47As layer forming the base of a hot elec—
tron transistor, The low ballistic gains (1.6%) observed are explained in
terms of  the large transit region and the high collector and emitter barriers

used.
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Figure Captions
Fig. 1. Energy band diagram of the hot electrom spectrometer. vBE‘ Vg are
the emitter and collector voltage with the base region grounded. :::'
0 is the InxAll_xAs barrier height, 71— the height of the collector -
Fermi level above the conduction band.
Fig. 2. Variation of collector current with V'm‘ for different emitter
currents IE at 77K.
Fig. 3. Plot of conductance as 8 function of'V'm,for different IE at 77K, .
showing the ballistic peak. fj'.
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2.50
2.75
3.00
3.25
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Table I

Ivg! (V)

179
190
202
214

230

?. (meV)

600
621
645
662
678

Av. 633.6
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