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I. INT JICTION

Superlattice (SL) structures are of both fundamental and technical interest. Two
classes of superlattices have been investigated. In the first class, the superlattice layers
have lattice parameters that closely mateh those of the substrate, such as in the case of
the AlGaAs-GaAs and InP—1Ing 53Gay 47 As systems. In the second class, the strained-fayer
superlattice (SLS) (1], the alternating layers have lattice parameters that are different. by
a significant amount, but the layers are thin enough to ensure that the lattice mismatch is

entirely accommodated by elastically straining the layers without the generation of misfit -
dislocations. Examples of these SLS are the GaAs-InGaAs, GaAsP-GaAs and |::‘
GaAsP/InGaAs systems. These SLS’s have several unique features since their electronic ':::
and optical properties can be modified over a wide range by the proper choice of material :,c'
and geometrical parameters [1]. A number of applications using those SLS structures in 4
lasers (2]-[6], light-emitting diodes (LED’s) [7]-[9], photodetectors [10}-[12], and FET’s [13] o
have been reported. Although these SL.S’s have great flexibility in device design, their ':;:
reliability has been questioned. In particular, it has been observed that under conditions :3\‘;.
where constant high-level of excitation or rapid thermal cycling is required, the SLS dev- s:,
ices are unstable [4]. It is believed that these instabilities are due to the lattice mismatch 04
between the SLS and the substrate and, consequently, misfit dislocations are generated at L
the interface between the SLS and the substrate [14]. Such conditions are always present ‘}
in binary/ternary SLS structures [14]. ':‘:}

0“

Ternary/Ternary SLS, such as GaAsP/InGaAs, can be grown lattice matched to the

GaAs substrate and thus can avoid this problem, thus improving the lifetime of these SI.S 5
devices. We will review the methods of growth, properties of these SLS, their stability ,.t'f-
C . o o,

under levels of current injection and their use to reduce defects in epitaxial layers. e
'l:;

he

II. CURRENT LIMITATIONS IN BINARY-TERNARY STRAINED LAYER :
SUPERLATTICES \:
Strained layer superlattices such as GaAs-InGaAs (9] and GaAsP-GaAs [12] have :::
been studied extensively. However, these superlattices and other binary-ternary struc- Y
. . N N N . [Pt

tures suffer from major limitations. The average lattice parameter of these binary- ot

ternary structures does lattice match that of the substrate such as GaAs. For example,

In,Ga;_,As—GaAs SLS will have a lattice parameter which corresponds to a bulk N
Iny/9Ga(_4)/2As as shown in figure 1. Thus, when grown on GaAs substrate, defects in '* .
the form of misfit dislocations appear at the SLS/substrate interfaces [15]. Figure 2 shows o
a cross-section TEM micrographic of Ing 4Gag gsAs/GaAs SLS grown on GaAs substrate. (4
Dislocations are shown by arrows at the SLS/GaAs interfaces [15]. In this case the total -
thickness of the SLS exceeds the critical thickness for the generations of misfit disloca- ,
tions for bulk grown Ing¢3GaggsAs on GaAs substrate. This problem can be avoided by .::.
reducing the number of SLS periods so that the total thickness of the SLS is less than the "
critical thickness for the generation of misfit dislocations [16]. However, this will impose N
limitations on the number of periods, specially for the case where high strain is present. _,
For example, for Ing3Gag,As/GaAs SLS, only few periods will be allowed before ,::E:
i
1= :.
I

okt
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Figure 1 Schematic of the lattice constant of several superlattice structure !‘.e'.ﬁ
(a) AlGaAs/GaAs (b) InGaAs/GaAs (c) GaAsP/InGaAs. '

Substrate 0.125 ym

Figure 2. Cross-section TEM micrograph of Ing;GaggAs/GaAs SLS grown on GaAs
substrate. Dislocations as shown by arrows at the SLS/GaAs interfaces.

-2-

&

AT AL N3 Sy 7, < ) S VN Uy By T TN N LA A A L e Y R R ) NN N R e .‘( o
s gt 7 g G D S RS KT e T SR ol N s S ARSI AdN e e



dislocations are generated at the SLS/GaAs substrate interface. Another approach is to

. insert an In,/zGa(l_x)/zAs buffer layer between the GaAs substrate and the
In,Ga,_,As/GaAs SLS [17]. In this case defects are not generated at the interface
between the SLS and the buffer layer. The presence of a buffer layer that does not Iattice
match the substrate can create several problems. For example, this buffer layer can be
highly defective and cannot be obtained with high resistivity [17]. This will have impact
on FET structures with the SLS as active layers. Also, if the lattice mismatch between
the buffer and the substrate is large, high density of threading dislocation will be gen-
erated and will propagate to the SLS structure.

The above problems can be avoided if these binary-ternary SLS’s are replaced by
other material systems. What is needed is a superlattice composed of two materials hav-
ing equal but opposite lattice mismatches such that the average lattice constant matches
that of GaAs. For example, a SLS made of GaAs,_,P,/In,Ga;_,As ternary alloys can
satisfy these requirements (8].

II. GaAsP-InGaAs STRAINED LAYER SUPERLATTICE

GaAs,_yP,/In,Ga;_,As SLS can be grown directly on GaAs substrate with an aver-
age lattice constant equal to that of GaAs. In such a structure, with y == 2x, the InGaAs
will be under compression, whereas the GaAsP layer will be under tension and the lattice
parameter of the SLS as a whole will be equal to that of GaAs as shown in figure 1. In
this case, no defects are generated between the SLS and the substrate and no limitations
are imposed on the value of strain between the individual layers or the number of SLS
periods. Such a structure will thus allow the use of GaAs or AlGaAs as buffer or
confining layers since all layers including the SLS have the same lattice constants in the
growth plane. Other material systems can satisfy these requirements; examples are:
GaAsP — GaAsSb, GaAsP — InGaAsSb and Gag g9, 4Ing4s_xP — Gagso_xINgsaixl-

II1-1. itaxial Growth of GaAsP /InGaAs SL

GaAsP/InGaAs SLS contains both As and P compounds which makes it diflicult. to
be synthesized by Molecular Beam Epitaxy (MBE). Two techniques were used for the
growth of this SLS, mainly metalorganic chemical vapor deposition MOCVD [18}, and
molecular stream epitaxy MSE [19]. Gas source MBE can also be a potential technique
for the synthesis of this SLS.

The MOCVD approach (18] uses TMG, TEl, AsH; and PHj; as sources of Ga. In, As
and P. Both AsHj and PH; are 5% in H,. The growth temperature was 630°C, which is a
compromise between ideal growth temperature for the two ternary alloys. For GaAsP a
relatively high growth temperature is icquired to obtain a wide range of GaP composition
since phosphorous incorporation is low at low temperature [20]. On the other hand, for
InGaAs, a low growth temperature is preferable because InAs incorporation decreases as
the growth temperature increases. Details of the growth process were previously described

-3
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[18]. A relatively low growth rate ranging from 100-150 ﬂ/min was used to minimize the
gas transient effect and to allow better control of layer thicknesses. The growth process
proceeds by sequential injection of TEI and PHy while TMG and AsHj are flowing all the

. time. GaAsP-GaAsSb and GaAsP-GalnAsSb SLS’'s were also grown using this approach
(8], where TMSb was used as the Sb source. SLS's with periods as thin as 50 A were
obtained using this injection approach. Thinner SLS’s can be obtained by minimizing
dead spaces and pressure transients in the gas manifold. To avoid some of the above
mentioned problems this SLS was grown by a new process called molecular stream epi-
taxy [19], which is a modification of the atomic layer epitaxy [21] process previously
developed by our group. In this technique the growth of the SLS proceeds by rotating the
substrate between two gas streams, one containing TMG, TEI and AsHj, and the other
containing TMG, PH; and AsH;. These two streams are on all the time, thus there is no
flow transients or dead spaces resulting from the gas switching processes. SLS with layers
as thin as 8 A was obtained using MSE [19), which is difficult to achicve by conventional
MOCVD, specially for material systems containing As and P compounds. MSE it was
also possible to grow the SLS at temperatures as low as 520° due to the higher P incor-
poration (22] in MSE as compared with MOCVD. This will allow high strains between
the individual SLS layers.

I11-2. Characterization of GaAsP/InGaAs SLS

The GaAsP/InGaAs SLS’s were characterized both structurally and optically. As
mentioned earlier there is no restriction on the number of periods, and structures with
several hundred periods was grown without the creation of defects at the SLS/GaAs inter-
face. If the SLS is not balanced i.e., y = 2x or the thickness of the individual SLS layers
exceeds the critical values for the generation of misfit dislocations (18|, cross-hatched
features are observed on the sample surface. We found that examination of the SLS sur-
face by optical microscope is usually a rough and quick test to check that the SLS has bal-
anced composition.

g3 )

Epitaxial layers thickness and superlattice structures were examined using x-ray
diffraction technique as shown in figure 3. Figure 3a shows the 400 diffraction pattern for
45 periods of GaAsygPy,—Ing ;GaggAs SLS grown on GaAs substrate. The zero-order
diffraction peak (n = 0) gives the lattice parameter of the SLS as a whole, with a lattice
mismatch of less than 0.1% to the GaAs substrate. The extra satellite pcaks are due to
the periodicity of the SLS, giving a period of 350 A. This value is consistent with that
predicted from the growth rate and that obtained from the total thickness measurement

0 5%
-~ - N X

= 8
-
o

ol
of the SLS on a cleaved sample. Figure 3b shows the corresponding diffraction pattern of wie
GaAsP-GalnAsSb SLS. When this ternary/quaternary SLS was disordered by 7Zn " %
diffusion at 800°C a GalnPAsSb quinary alloy was obtained [8]. The peak. indicated by ::
A, results from the homogcueous quinary alloy and corresponds to the average lattice con- ; %’:ﬁ
stant of the SLS as a whole (peak indicated by n = 0 in figure 3b). Rough estimate of the X0
lattice constant of this quinaryy alloy agrees with the position of the peak A [23]. Thus. ]
from figure 3, these ternary/ternary or ternary/quaternary SLS’s can be grown lattice . ::‘.:
matched to GaAs substrates under the proper growth conditions. :‘|..:'§
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Figure 3 X-ray diffraction pattern in the vicinity of (400) reflection of SLS n’s show the

order of the satellite peaks originating from the periodicity of the SLS

a) GaggAsPgz — Ing; Gy gAs

GaAsP-GalnAsSh (SL)

GaAs (004)

AS GROWN

,’ \\ DISORDERED
{’ \\(GalnPAsSb)
/ \
/ \
/ \
/ N
85.0 85.5 66.0 68.5 87.0

Diffraction Angle 28

b) Gag 70AsPg 34 — G2g.921n0.05A50.955b0.05
In this SLS Zn diffusion resulted in disordering and thus forming the
GalnAsSbP quinary alloy. The arrow A shows the quinary diffraction peak.
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The optical properties and interface quality of GaAsy3Pg.7/Tng 1502 g5As SLS were
. characterized by photoluminescence at 77 and 4.5°K, for a SLS with 5 periods, 130 A
thick each, as being determined from x-ray diffraction. The PL data is shown in figurc
and the peak at 1.405 eV has a F'WHM of 4 meV, indicating that this SLS structure can
be grown with excellent interface quality. This peak at 1.405 eV corresponds to the tran-
sition between the first clectron level (n = 1) and heavy-hole band. The biaxial compres-
sion in the InGaAs well breaks the degencracy of light-hole and heavy-hole valence bands
at k = 0 and increases the effective bandgap of InGaAs (24]. In addition, the quanium
size effect increases the effective bandgap of the SLS. These two effects result in the
energy shift of about 110 meV from the bulk InGaAs value.

H aAs/ AsP

nG 3/Gaas 17K

SLsS
5
~
-
z G.0moV
z -
c S
®
c
)
.a

Pa . J
8700 co000 naoeo 9000
Wavelcngth (A)

Figure 4 PL spectra of 5 periods Ing 5Gag gsAs/GaAsy 7Pg 3 SLS at 77°K and 4.5°K.

B
The optical quality of the SLSs versus depth, especially near the SLS/substrate inter- :";‘~
) face, was investigated using PL. This was done by scanning the laser beam along a bev- .'ﬁ‘
Y eled section of the layers as shown in figure 5. Several samples were beveled on a Plexig- :
las plate using Ludox. The bevel angle was about 1/3 degrees, which resulted in a vertical ...t
magnification factor of 172x. The laser spot size used with PL measurement was about 50 PY
nwm and the penetration depth is estimated to be less than 2000 A based on GaAs absorp- e
. tion data. Figure 5b shows the PL spectra (77°K) of different spots (A-E) which ::
correspond to the positions shown in figure 5a. As the laser beam was moved from posi- Y
. tion (A) to (B), the PL intensity decreased by more than one order of magnitude. This is : :'.Q‘
because of mechanical damage introduced by polishing. However, the spectral shape did g
not change. From (B) to (D) the intensity still decreased gradually, while the spectral Nl
peak shifted slightly toward the higher-energy side and a shoulder appeared atl the lower- oy
energy side. As the beam approached the SLS/substrate interface the shoulder grew. :::.'_
while the main peak decreased and finally disappeared. As shown in figure 5h, there are ':-1' \
some variations (~ 10 meV) in the peak emission spectrum from the SLS. These fluctua- \.‘
tions can be the result of compositional and periodicity fAuctuation in the SLS. The "
2
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Figure 5 a) Schematic of the beveled SLS surface al aboul 1/3°
b) PL spectra at 77°K along the beveled surface.




variation of 10 meV corresponds to the compositional fluctuation of about 6.8%% in the
InGaAs well assuming no periodicity fluctnation. At the interface (E) the PL linewidth
became 9 meV, whereas the PL intensity stayed almost the same as that of position (D).
PL from the Si-doped GaAs substrate was very weak and almost undetectable, even at
the position (E). This suggests that the photocarriers generated in the GaAs layer will be
efficiently collected in the first SLS layer which is InGaAs. Most of the samples showed a
tendency for the PL linewidth (FWHM) to decrease or remain unchanged as the
SLS/substrate interface was approached. This feature is different from other SLS’s whose
average lattice constants are not matched to those of their substrates [25]. We have done
a similar experiment on InGaAs/GaAs SLSs, which have similar geometrical and compo-
sitional parameters to those of InGaAs/GaAsP SLSs shown in figure 5. A significant
decrease of PL intensity and spectral line broadening near the SLS/substrate interface
was observed. This is probably duc to the high density of misfit dislocations at the
InGaAs/GaAs SLS and the substrate interface. This result indicates that the average lat-
tice constant of the SLS must be matched to that of the substrate to obtain a high optical
quality throughout the entire layer. This is very important, especially when SLSs arc
used in the active regions of devices.

~———5102(0.2—O.3 pm)

Au-Cr-Au
) ey N /f
250 ym “
pm

, — 6 ~—P-GaAs:Zn (0.5pym)
AN ARIAIERNNNY

InGaAs/GaAsP SLS
(undoped)

N

F—n-GaAs:Se (0.3pym)

~—n-GaAs:Sl Substrate

h—Au~-Sn-~-Au

AN T TR LR SRR

Figure 6 Schematic of SLS LED structure. The undoped active region consists of
GaAsg gPg2/IngGag gAs Len periods, each layer is 100 & thick.

AR A T N R N N e N
AR e e e R



oA ot a0’ 8% 20 2% 2 "s"

v, STABILITY OFF SLS AND LIFETIME TEST OF LIGTUT AT TING DIODIES

A schematic cross-section of the LED [26] structure is shown in figure 6. IFiist o Se-
doped 0.3-wm GaAs (n ~ 1x 10'8%¢m™) was grown on a (100) Si-doped GaAs substralc.
Then an undoped ten-periods Ing;Gag gAs/GaAsygPy, SLS active region was grown by
injecting TEI and PH; alternately during the growth of GaAs. The thickness of each
layer is about 100 A (total active region is about 2000 &). The mismatch between GaAs
and the two compounds in their bulk crystal form is = 0.69 percent. Finally, a Zn-doped
0.5-pm GaAs layer (p ~ 1 x 10'8cm™3) was grown on the SLS. The growth temperature
was 630°C for all these layers. A Si0, layer (2000 ~ 3000 A) was deposited by plasiia-
assisted CVD to make a 6-pwm-wide stripe structure. The wafer was thinned down to
about 70 wm and polished, then ohmic contacts were made by depositing Au-Sn-Au (100,
2000, 1000 A) followed by annealing at 360°C for 10 seconds for n-type and Au-Ci-Au
(100, 200, 1000 A&) for p-type. Finally, the wafer was cleaved and sawed into individual
diodes with typical dimensions of 250 x 300 pwr?. The ideality factor for these diodes
ranged between 2 and 3 over three orders of magnitude on a current scale. Diodes were
mounted to a gold-plated copper block with the p-type face down and held by a spring
clip. The optical output was detected by a Si photocell. Three current injection levels,
namely, 830, 3000, and 4000 A/cmg, were used in the lifetime tests. Seven devices have
beer. randomly selected and tested (one at 830, 3000, and 4000 A/cm?, and five al 4000
A/cmz). Since the junction of the diode is formed less than 1 wm below the p-type elec-
trode, the current spreading effect is not significant. These SLS LEDs had operated at
such high current densities for several thousands hours without any degradation in the
optical characteristics as was previously reported [26).

"p-GaAs p-GaAs p-GaAs
n-GaAs n-GaAs n-Cla s N
_’.
N ]
Q:;‘-
l"0.2Gao,sAS/GaASO'BPOA IIIO_ZG:\U.S.‘\S/G;LAS Ing , G gAs/GaAs {::A\
(100 &, 7 periods) (100 &, 3 periods) (100 R, 7 periods) :\{:;
. a0
(2) (1) (c)
gty
&"‘FH
A1)
i : - . . <3
Figure 7 Schematics of different SLS structures used as the active regions in LED's, N :
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LEDs with the same structure as shown in figure 6 were tried; however, Gasl-
InGaAs SLS active region is replaced by InGaAs/GaAs SLS’s the structures are shown in
figure 7. The SLS layer’s thicknesses in the three structures (shown in figurc 7) is 100 A
and number of periods is seven for the structures in figures 7a and 7c¢ and three for the
structure in figure 7b. Lifetime tests for these three LED structures at a current injection
level of 4000 A/cm?® were carried out and the results are shown in figure 8. Both stiue-
tuies in figure 7a and 7b have been opeinting for more than onc year without anv
observed degradation in the optical output, where the structure in (figure 7¢) dicd out in o
few hours. These results can be explained based on the average lattice constant of the SIS
and its lattice mismatch with the substrale. The ternary/ternary SLS is balanced and no
defects are expected to be present between the SLS interfaces and the GaAs lavers. For
the structure in figure 7b there is lattice mismatch between the Ing.Guy o As/GaAs, SLS
and with an average lattice constant corresponding to the Ing ;GaggAs bulk and the sub-
strate. However, this mismatch can be accommodated elastically since the total thickness
of the SLS (300 A) is less than the critical thickness for an Ing {Gag gAs lilm required to
generate defects at the GaAs interface [27]. "The situation is quite different for the strue-
ture in figure 7c, where the thickness of the seven periods SLS exceeds the critical thick-
ness for the generation of misfit dislocation at the SLS/GaAs interfaces [27]. This very
high density of defects will result in the catastrophic faiiure of this LED structure as
shown in figure 8. These preliminary olservations suggest that a SLS which is lattice
matched to the substrate is stable under high-current-injection conditions and can have
potential applications in several devices.

— T

(a) InGaAs/GaAsP (7 pericds)

(l)) InCGaAs/GaAs

5 (3 periods)
oy
>
o
o
R
o
o
o
2
3
@ (¢) InGaAs/GaAs
(7 pcriods)
0 I P . . B i1 1 £ 23] 1 2 19101l L N Ll
03 1 10 100 1000

Opcrating Time (hour)
Figure 8 Lifetime test for LED structures shown in Figure 7.
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V-1. Characterization Techniques for Defects

X-ray topography (XRT) and electron beam induced current (EBIC) are non-
destructive techniques for defect characterization. XRT is suited for studying large arca
samples but magnification is only possible by enlarging the micrographs. T'he defect den-
sity suitable for XRT is 10% cm™? or less. Therefore, the effect strained layer structures
grown on a GaAs substrate are ideal for an investigation by XRT. On the other hand,
TEM gives the highest magnification but gives only a very limited observation area. Sam-
ples must have high density of defects (higher than 10% cm™2) to be studied by TEM.
EBIC bridges the two techniques concerning resolution of defects and the observation
area. It is possible to decide whether a misfit dislocation is located at the GaAs/SLS
interface or within the SLS by using both XRT and EBIC. Cross-sectional TIEM was
extensively used for direct observations of dislocations and to reveal how dislocations are
bent or thread in the SLS. The ¢-b analysis on dislocations allowed us to identify the
types of the dislocations.

V-2. ritical Layer Thickness (CLT) for a Single Strained Layer

In order to de*ermine the value of CLT for a single strained layer of GaAs,_ P (y~
0.15), we employed XRT to examine the substrate prior to the growth of a GaAs,_,P,
film. The growth of the GaAs,_,P, layer was performed in a stepwise fashion with each
step resulting in the deposition of a controlled thickness added to previously existing filin.
The heterointerface between the ternary layer and the GaAs bulk was characterized at
each step by transmission XRT. For a thin GaLAs,_yF’y film, less than ~600A, only sub-
strate threading dislocations are observed. When a GaAs,_,P, layer of ~900A& thickness
was grown, a few generation sites for misfit dislocations appeared near the sample edge.
The number of these generation sites of misfit dislocations increased as the thickness of
the GaAs,_,P, epilayer was increased to ~1200&. When the thickness reached 1600A.
misfit dislocations were formed from these generation sites indicating the process of glide
at the GaAs; P, /GaAs interface. From these observations we concluded that the value
of CLT for the onset of misfit dislocations in a GaAs;_ P, (y~0.15) singie layer is approx-
imately 900A. This value is a few times higher than the value of CLT predicted by
Matthews and Blakeslee and about 1/5 of that by People and Bean. It seems that the
generation of misfit dislocations is not critically dependent on the film thickness but
rather of kinetic nature at the very early stage of generation.

V-3. Critical Layer Thickness in Multilayer

A SLS is constructed of In,Ga, ,As and GaAs;_ P, epitaxial lavers with cqual
thickness, x~0.08, and y~0.16. Alternate GaAs,_.P, aﬁd‘InXGalths layers are under
tension and compression siuch that the SLS as a whole is lattice matched to the GaAs sub-
strate. EBIC was used to determine the value of CLT for the constituent layers of this
SLS structure because XRT can reveal misfii dislocations located at the GaAs/SLS
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interface and not those wilthin the SLS., EBIC studies were carried out for SILS’s whose
period thickness was varied {rom 5004 to 800A&. For SLS period of ~5004, even with the
acceleration voltage of 25 keV which is sufficient to reach through the SLS, no misfit
dislocations were observed indicating that the ternary layer thickness did not exceed the
CLT. However, when the period thickness was increased to ~5508 misfit dislocations
appeared in the SLS showing thal the CLT thickness was exceeded. The density of misfit
dislocations increased for the SLS with a period thickness of - 800A&. From these observa-
tions the value of CLT for the misfit of 0.6% is estimated to be approximately 2R0A
which is in reasonable agreement with the Matthews™ and Blakeslee’s model. We believe
this EBIC technique gives an accurate information pertaining to the onset of misfit dislo-
cation generation which is interpreted as the critical layer thickness.

V-4.  Defect Reduction Using GaAsP-InGaAs SLS by MOCVD

Strained superlattice buffer layers have been grown with an average lattice constant
equal to that of GaAs, as shown by the x-ray diffraction data. Epitaxial GaAs layers
grown on these SLB’s show significantly smaller dislocation densities than simultaneously
grown layers directly on GaAs substrates. TEM studies show that threading dislocations
which start in the GaAs substrate do not penetrate the SLS layer. It is expected that dev-
ices and circuits fabricated in epitaxial layers on top of SLB’s will exhibit less variation in
electrical parameters than those fabricated directly on a GaAs substrate (see attached

papers).

V-5. Defect Reduction Using GaAs-InGaAs SLS by MBE

GaAsP/InGaAs SLS cannot be grown by MBE due to problems with phosphorous,
thus, we used GaAs-InGaAs SLS structures. Results indicate that compared to epitaxial
layers grown directly on GaAs substrates, a GaAs-In,Ga,_,As superlattice (x<0.12)
reduces the dislocations by approximately two orders of magnitude. Transmission elec-
tren microscopy, electron beam induced current, and etch pit density have been used to
characterize the effectiveness of using superlattice buffer layers for the reduction of defects
in GaAs epilayers (see attached papers).

V-6. Defect Reduction of GaAs Grown on Si Substrates

As a result of the large lattice mismatch and the large difference in the thermal
expansion coefficient a very high density of dislocations are present in a GaAs film grown
directly on a Si substrate. Therefore, a SLS grown on the GaAs film on Si contains dislo-
cations whose density is sufficient for an investigation by TEM. The GaAs film directly
on top of a Si substrate are 1 ~ 3 wm thick and the defect density near the top of the

layer was found to be 108 - 10° cm™? range.

It has been shown that the In,Ga,_ As—GaAs;_ P, (y=2x) is an appropriate and
highly eflective buffer layer for reducing dislocations originating at the GaA-Si interface.

The SLS structure also permits high values of strain to be employed without the SLS

-12-
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generabing dislocations of its own. However, the present results also indicate that the
eflectiveness of the SL.S depends on the density of dislocations. For instance, when the
dislocation density is low, the threading dislocations are confined to the SLS interfaces
and do not propagate into the GaAs epilayer. In contrast, when the dislocation density is
very high, it is apparent that the SLS is not as effective. [Further work is required to
optimize the SLS structure by varying the strain and the number of SLS layers in order to
achieve high-quality GaAs on silicon with a very low dislocation density. It is also evident
that much more work is needed to understand the interaction and movement of disloca-
tions at the SLS interfaces (see attached papers).
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GROWTH AND CHARACTERIZATION OF COMPOUND SEMICONDUCTORS

BY ATOMIC LAYER EPITAXY

M.A. TISCHLER and S.M. BEDAIR

Depariment of Electrical and Computer Engineering, North Carolina State Universitv, Raleigh, North Carolina 27693-7911, USA

The growth of GaAs, InAs and In Ga,  (As (0 < <2 0.43) by atome layer epitaxy (ALE) is described. The growth rate by ALE
is found to be independent of the column I flux, ALE GaAs. grown between 450 and 630°C, has been characterized by
photoluminescence and Hall measurements. [nitial results indicate that ALE gives improved incorporation and uniformity in the
growth of InGaAs compared to conventional MOCVD and can he asuitable technique for growing ternary and quaternary lavers

over large areas.

1. Introduction

Atomic layer epitaxy (ALE) is a relatively new
growth technique which offers control of the
growth process at the atomic level. Growth pro-
ceeds by the deposition of individual layers of
atoms. GaAs, for example, is grown by first de-
positing an atomic layer of Ga and then an atomic
layer of As. This cycle is repeated until the desired
thickness is achieved. The total thickness is then
determined only by the atomic spacing and the
number of deposition cycles, and thus can be
controlled very accurately. The thickness should
also be very uniform across the substrate since the
grown layer is built up by the deposition of a
single column Il or column V monolayer at a
time. Atomically abrupt interfaces may be possi-
ble since the reactant species can be changed
within one atomic layer. The growth of ternary
and quaternary compounds by ALE should ex-
hibit very good compositional uniformity because
column 1l and column V species are deposited
separately and gas phase reactions between them
are eliminated. An example of such a reaction is
one which occurs between triethylindium (TEI)
and AsH,. The amount of In available for incor-
poration in the solid is reduced by this reaction.
leading to nonuniform lateral compositions. In
ALE, the In and As are deposited separately, their
gaseous sources never mix, and thus the gas phase
reaction does not have a chance to occur. Ad-

ditionally, ALE may be used as a tool to investi-
gate growth mechanisms and impurity incorpora-
tion by MOCVD.

Atomic layer epitaxy was first reported for
1I-VI compounds by Suntola and Antson [1).
[11-V compounds have also been grown using
ALE by Nishizawa et al. (3] and our group [4,5].
In HI-VI compounds, the high vapor pressure of
these elements is reported to be the mechanism
which results in only one monolayer being de-
posited on the surface per cycle [6]. The first
deposited layer is chemically adsorbed on the
surface and remains there while any following
layers which deposit are weakly bonded and will
re-evaporate. This results in a self-limiting mecha-
nism which ensures that only one monolayer of
atoms is deposited at a time. This mechanism was
not expected to occur with the column III species
used in the growth of 111-V compounds because
of their relatively low vapor pressures. Without a
self-limiting mechanism, ALE would require very
exact control of the fluxes to achieve monolayer
deposition. Larger fluxes would result in higher
deposition rates, eventually leading to balling and
poor surface morphology. Smaller fluxes would
give incomplete surface coverage. In either case,
the growth rate would not be accurately known,
and thickness and interface control would be com-
promised. Most column V species have higher
vapor pressures and are not expected to be a
problem.

0022-0248,/86 /303.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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This paper describes the conditions for the
atomic layer epitaxy of GaAs. InAs and
In Ga, As (0 <x <0.43) using metalorganic
chemical vapor deposition (MOCVD). We have
found that a self-himiting mechanism is present in
the ALE of these compounds [5,7] which allows
the deposition of only about one monolayer per
cycle over a wide range of column 111 and V input
fluxes. Additionally, the compositional uniformity
of In Ga, _ As, for large x values. across the
substrate s improved over that grown under iden-
tical conditions by bulk MOCVD in the same
system.

2. Growth system
The growth system for ALE is shown in [ig. la
and has been described previously [4.5.7]. Basi-

cally, the substrate, focated in the recess of part R
of the susceptor, is continuously rotated and cuts
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Crowtl and charactenization of compound semiconductors by ALE

through streams of gases containing the column
HI and V species. The column I11 and V gases are
introduced through separate tubes and the gases
impinge directly on the substrate only during the
time that it is under the inlet tube. GaAs, o
example, is grown by the deposition of a single
layer of Ga, rotation to the other gas stream
containing AsH,. and deposition of a single layer
of As. This cycle is repeated until the desired
thickness 1s achicved. The depth of the substrate
recess is adjusted to provide a few mils clearance
between the top of the substrate and the fixed part
F of the susceptor. This fixed part acts to shear off
a portion of the gaseous boundary layer above the
substrate. The susceptor is designed to allow the
gas streams to flow unimpeded except when the
substrate s directly under the stream as shown in
Fig. 1b. This prevents the buildup of a gascous
boundary layer over the non-rotating part of the
susceptor. The susceptor is made of graphite coated
with silicon carbide and is RF heated. A graphite
wedge, in conjunction with a large flow of H,
(5000 SCCM) from the center tube, acts to pre-
vent mixing of the column III and column V
species. .

The susceptor is rotated continuously by a step-
ping motor under computer control. One revolu-
tion, or cycle, consisting of the deposition of a
single column Il and a single column V laver.
takes place in 2.6 s. The exposure time to each gas
stream is about 0.3 s.

Column V—L J [ J—Column th

Substrate-~

Rotating
part

Fixed
b part

Fig. 1. (a) Schematic diagram of the susceptor and growth chamber for ALE. The substralte is located in a recess in the rotating part
R. The column V and IIl gases enter through separate (ubes. A graphite wedge. in conjunction with a targe flow of H, (rom the
center tube, minimizes mixing of the column 111 and column V species. (b) Schematic diagram of the susceptor showing the openings
through which the gases flow. These gases only impinge on the wafer when the substrate is rotated to the opening.
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3. Atomic layer growth

3.1. GaAs

The growth of "<As by ALE was investigated
over a wide range of conditions. The sources for
Ga and As were trimethylgallium (TMG) (- 13°C)
and AsH, (5% in H,) respectively. The H, flow
through the TMG bubbler was varied from 0.75 to
10 SCCM. The AsH, flow was 25 SCCM. The H,
carrier gas flows for the TMG and AsH , were 500
SCCM each. A typical growth consisted of 1200
cycles.

GaAs grown by ALE is single crystal, as de-
termined by transmission electron diffraction, and
has a mirror-like surface. The thickness per cycle
is found to be independent of the TMG flux, with
only about one monolayer being deposited per
cycle [7). The range in the growth per cycle is
shown in fig. 2. The thickness of these layers was
determined from cleaved cross-sections using opti-
cal microscopy and transmission electron mi-
croscopy. Most growths were done at 630°C but
this same growth rate per cycle was observed from
450 to 700°C. Two substrate orientations, (100),
2° towards (110) and {111) B, where used and
both resulted in the deposition of about one
monolayer per cycle. Additionally, increasing the
AsH, flux by almost an order of magnitude re-
sulted in this same growth rate.

o

.5 T

~ T T T T T
€
c
®
w 0.4F -
-~ -
‘: o InAs
o 0.3 . . - 3
@ GaAs s
w
a 0.2F 4
;o
-
2 0.1} 4
(o]
o
o o n 1 L 1 " 1
(o] 20 40 60 80 100
GaAs InAs
% INDIUM IN SOLID

Fig. 2. Thickness per cycie of ALE layers versus indium
compuositon. The horizontal lines indicate the ideal ALE thick-
ness per cycle of GaAs and InAs in the (100) direction.

Several experiments were performed to ensure
that the constant growth per cycle was not arnsing
from the experimental setup or growth conditions.
One possibility was that the growth resulted {rom
the gases which are trapped between the substrate
and the fixed part of the susceptor. However, if
this were true, increasing the TMG input flux
would also crease the amount of TMG in the
trapped volume, yielding a thicker layer. This did
not occur, which also indicates that the trapped
gases do not play a major role in growth by ALE.

A second possibility was that the growth could
result from cross-diffusion of AsH,, re. AsH,
diffusing to the Ga side. Increasing the AsH, flux
by atmost an order of magnitude, which should
also increase the amount of AsH, diffusing to the
Ga side, resulted in this same growth rate. Ad-
ditionally, GaAs was grown by ALE but with the
AsH, being switched off and flushed from the
growth chamber each time before the substrate
was exposed to the TMG. The growth rate in this
case was still about one monolayer per cycle.
Thus, cross-diffusion does not play a significant
role in growth by ALE.

A possible explanation for this self-limiting
mechanism comes from the fact that the thermal
boundary layer is quite thin and the TMG mole-
cule may not decompose until it is very near to, or
actually on the substrate surface. At this point, the
TMG molecule may be partially or fully cracked
or re-evaporate undissociated. The cracking ef-
ficiency of TMG on GaAs at 630°C can be quite
high [3], and this will result in a monolayer of Ga,
or perhaps some intermediate compound, being
deposited on the substrate. The cracking efficiency
or condensation coefficient of subsequent TMG
molecules on this initial layer may be small, allow-
ing these molecules Lo re-evaporate before they
have a chance to crack. If the sell-limiting mecha-
nism is a result of the molecular origin of the
column III species. one would not expect it to be
present in ALE performed by conventional MBE.
The exact nature of this process is not clear and
requires further study.

The room temperature carrier concentrations
and Hall mobilitics for GaAs grown by ALE at
630°C are shown in table 1. There are two values
listed. The first one (630a) is for GaAs grown
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when the susceptor was quite new. The second
(630b) is for GaAs grown after many other runs.
These two layers were grown under identical con-
ditions. The large difference in carrier concentra-
tions may be a result of carbon incorporation. The
graphite susceptor was coated with SiCo but after
many runs, part of this coating was worn off,
resulting in a larger background concentration of
carbon. The low mobilities are partially a result of
the thinness of the layers. Identical lavers. grown
by conventional MOCVD under the same condi-
tons in the same system were semi-insulating and
could not be contacted.

Growth of GaAs at low lemperatures is inter-
esting because it offers reduced impurity diffusion
and incorporation and reduced diffusion of inter-
faces. We have examined the ALE of GaAx at 450
and 500°C. The growth conditions arc the same
as mentioned previously except that the H, flow
through the TMG bubbler was 10 SCCM and the
AsH, flow was 200 SCCM.

The 77 K photoluminescence (PL) of GaAs
grown by ALE at 450°C is shown in fig. 3a. Fig.
3b shows the PL response of GaAs grown by
conventional MOCVD under identical conditions
in the same system. It can be seen that the PL
intensity is greater for the ALE sample. The full
width at half maximum (FWHM) for the ALE
layer is about 7 meV, which is comparable 1o the
best GaAs we have grown by conventional
MOCVD. The large peak is due to the GaAs band
to band transition and the smaller peak is prob-
ably from a carbon impurity. The peak in the bulk
samplé is probably from a shallow impurity and
its FWHM is about 9 meV. The PL responses of
GaAs grown at 500°C by ALE and conventional
MOCVD were similar to cach other in intensity
and emission wavelength.

The room temperature carrier concentration and
Hall mobilives for these layers are listed in table
1. It can be seen that all the layers are p-tvpe.
Again, layers grown by conventional MOCVD
under identical conditions in the same svstem
were semi-insulating and could not be contacted.

3.2. InAds and InGaAs

The experimental sctup and rotation scheme
for the growth of InAs was the same as that for

ORI

s Altale ""\f" iy .:..l'ol‘oi'r Ir.ol.o. .!!.

T T T
a
~ 77 K
3 - —
m -
[
> b .|
-
) z
b |
w [ | ]
[
P
o [ 7
a
)i 1
7800 8200 8600
WAVELENGTH (A)
h T T T
b
-~ 77 K
s> L .
[+
> + e
—
w
b4
w - b
[
Z
o 7 ’
2 X1.5
1 1 J]
7800 8200 8600

WAVELENGTH (A)

Fig. 3 () 77 K photoluminescence of GaAs grown by Al
450°C. (b) 77 K photoluminescence of GaAs grown by con
ventional MOCVD i 450°C in the same system under identy
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GaAs except that the TMG was replaced by TEI
InAs was successfully grown under the followin
conditions: Two flows of H, through the TE!
(20°C) bubbler were used, 350 and 450 SCCM
The H, carrier gas flows for the AsH, and TE’
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were 800 SCOM each. The growth temperature

wis 480°C and the substrates used were GaAs,

oriented (100), 2° towards (110). A typical growth
consisted of 1200 cvceles.

The thickness per eyele of InAs is shown in fig.

2 and corresponds to about one monolayer per
cycle [8). This result indicates that the TEI acts
similarly to TMG in the ALE process. Cross diffu-
sion tests, similar to those for GaAs [4]. were
performed to ensure that growth was occurring by
ALE and not by gases diffusing from once side of
the growth chamber to the other. The grown layers
were singlc crystal as determined by X-ray diffrac-
tion. They had hazy surfaces partially because of
the large lattice mismatch.

InGaAs was grown by ALE by combining the
TEI and TMG gases in one inlet tube and keeping
the AsH, separate in the other inlet tube. Again
the experimental setup and rotation scheme was
the same as that for the ALE of GaAs and InAs.
However, in this case a cycle consisted of the
deposition of a single layer of Ga + In, then rota-
tion to the AsH, side and deposition of a single
layer of As. The H, flow through the TMG
(—13°C) bubbler was 4 SCCM. The H, flow
through the TEI (20°C) bubbler was varied from
75 to 450 SCCM. The AsH, flow was 25 SCCM.
The H, carrier gas flows for the column 11 and
column V species were 800 SCCM each. The
growth temperature was 630°C and the substrates
were GaAs, oriented (100), 2° towards (110). A
typical growth consisted of 1200 cycles.

The thickness per cycle for InGaAs is shown in
fig. 2 and it can be seen that the self-limiting
mechanism described for GaAs and InAs is also
present in the growth of InGaAs. The deposited

Table 1

Room temperature carrier concentration and Hall mobility for
GaAs grown by atomic layer epitaxy

Growth Carrier Hall
“\emperature concentration p mobhility
\°Q) (cm™Y) («m?*/V-5)
450 2x 10" 215

500 Sx10"7 190

630a 1x10" 280

630b 2% 10" 210

- -'-'.- \d ‘f‘f"

‘::.l‘nﬁ‘n.l’s.l‘l..?t.n.\- ".vt.l (™ T W0 AONCAS ALY

films are shiny for x <0.1 and become hazy at
larger In concentrations.

Preliminary results indicate that the incorpora-
tion of In in the solid s linear with TEI flux over
a greater range in growth by ALE than by conven-
tional MOCVD {8]. Additionally. growth by ALE
results in improved uniformity of composition,
across the substrate. for large x-values [§]. We
believe that this is because, in ALLE, the AsH; and
TEL are separated and are unable to react. In the
conventional MOCVD growth these gases mix
and react, resulting in a depletion of In in the gas
phase. This depletion then leads to a saturation in
the gas versus solid composition curve as well as a
non-uniform composition across the substrate.
These results indicate that ALE may be a poten-
tial technique for growing uniform ternary and
quaternary layers over large areas.

4. Conclusion

The growth of GaAs, InAs and In Ga,_ As
(0 < x <.43) by atomic layer epitaxy has been
demonstrated. A sell-limiting mechanism has been
observed which limits the growth rate to about
one monolayer per cycle independent of the col-
umn HI flux. The improved incorporation of In in
the solid and uniformity of composition suggests
that ALE may be a suitable technique for growing
compound semiconductors over large areas. Ad-
ditionally, ALE has the potential to provide layers
with uniform thickness and abrupt interfaces, and
may also be used to explore growth mechanisms
and impurity incorporation by MOCVD.
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Impfbved'uniformity of epitaxial indium-based compounds by atomic layer
epitaxy
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(Received 21 March 1986; accepted for publication 5 June 1986)

Atomic layer epitaxy {ALE) has been employed to grow InAs and In, Ga, ([ As (0<x<0.43).

monolayer independent of the column HI flux.

In-based compounds can meet the material specifica-
tions for several important structures and devices such as
long wavelength detectors, and emitters and detectors oper-
ating in the minimum attenuation regions of fiber optic ca-
bles. Also, when combined with lattice-mismatched materi-
als, strained-layer structures composed of InGaAs-GaAs
and InGaAs-GaAsP, for example, may be produced.'” The
growth of In-based compounds by metalorganic chemical
vapor deposition (MOCVD) suffers from the occurrence of
a gas phase reaction between triethylindium and AsH, and
PH,. This reaction results in a depletion of the amount of In
available for incorporation in the solid as well as a nonuni-
form composition across the substrate.” Several techniques
have been applied to reduce this problem. They include the
use of trimethylindium ( TMI)* and adduct forms of the me-
talorganic indium® which react less with the hydrides than
triethlyindium (TEI), growth at low pressure’ to reduce the
amount of time that the species are mixed, and the addition
of N, to the H, carrier gas™ to reduce the thermal boundary
layer thickness in which part of the reaction occurs.

The atomic layer epitaxy (ALE) of several II-V1” and
III-V'*'"" compounds has been previously reported. In this
letter we present our results for the ALE ¢f In-based com-
pounds and demonstrate that this technique has the poten-
tial to reduce the gas phase reaction between TEI and AsH,
and produce layers with improved compositional unifor-
mity. Since growth proceeds by the deposition of a single
layer at a time, thickness control and uniformity are also
expected to be very good.

The ALE of InAs was first investigated using TEI The
growth chamber and susceptor designs have been previously
reported.'"'? A schematic of the susceptor is shown in Fig.

1. The TEI and AsH, enter the growth chamber through two
separate inlet tubes. These gases flow through holes in the
susceptor and only impinge on the substrate when it is rotat-
ed directly under a gas stream. Thus, growth proceeds by the
depcsition of a layer of In, rotation to the AsH, side, and the
deposition of a layer of As, and this cycle is repeated as many
times as desired. A typical run consisted of 1200 cycles. The

274 Appl. Phys. Lett. 49 (5). 4 August 1986
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The ALE of InAs, for example, proceeds by the deposition of a single layer of [n followed by the
deposition of a single layer of As. This cycle is repeated until the desired thicknessis achieved. The
column III and column V species are physically separated and thus the gas phase reaction
between triethylindium and AsH, is greatly reduced. This leads to improved incorporation of
indium in the solid and improved compositional uniformity across the substrate. A self-limiting
mechanism has been found which controls the thickness deposited per cycle to about one

0003-6951/86/310274-03%01 00
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substrate makes one rotation (controlled by a stepping mo-
tor) in 2.6 s and the exposure time to each gasis 0.3s. The H,
flows through the TEI (20 °C) bubbler were 350 and 450
sccm. The AsH, (5% in H,) flow was 200 sccm. The H,
carrier gas flows for the TEl and AsH, were 800 sccm each.
A center flow of H, (5 Ipm), not shown in Fig. 1, helps
prevent mixing of the TEI and AsH,. The growth tempera-
ture was 480 °C and the substrates were GaAs, oriented
(100), 2° towards {(110).

The growth rate of InAs was approximately one mono-
layer per cycle, independent of the TEI flux. This indicates
that a self-limiting mechanism, like one for the growth of
GaAs, " is occurring. The grown layers were single crystal as
determined by x-ray diffraction and had hazy surfaces be-
cause of the large lattice mismatch. A cross-diffusion test,
similar to that for the ALE of GaAs,'"'? was also performed
to ensure that growth was occurring by ALE and not by
gases diffusing from one side of the growth chamber to the
other. This was done by positioning a substrate under the
TEI input tube with both the TEI and AsH, flowing. This
resulted in a rough, metallic deposit which could easily be
scraped off. Additionally, no InAs could be detected by x-

Column V——l J 1 J——Column i

Substrate

Rotating —-—

part
Fixed

part

FIG. 1. Schematic diagram of the susceptor used for growth by ALE. The
input gases Rlow unimpeded until the substrate is rotated directly under the
inlet tube
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ray diffraction.

InGaAs was next grown by ALE. This was done by
combining the TEI and trimethylgallium (TMG) gases in
one inlet tube and keeping the AsH, separate in the other
tube. The experimental setup and rotation scheme was the
same as that for the ALE of InAs. However, in this case a
cycle consisted of the deposition of a layer of Ga 4- In, rota-
tion to the AsH, side and deposition of a layer of As. The H.,
flow through the TMG ( - 13 °C) bubbler was 4 sccem. The
H, flow through the TEI (20 °C) bubbler was varied from 75
to 450 scem. The AsH, flow was 25 seem. The |, carrier gas
flows for the column 111 and column V species were 800
sccm each. The growth temperature was 630 °C and the sub-
strates were GaAs. A typical growth consisted of 1200 cy-
cles.

The growth rate of InGaAs was again about one mono-
layer per cycle independent of the column HI flux. Thus the
self-limiting mechanism described for GaAsand InAsis also
presént in the growth of InGaAs. The deposited films are
shiny for x < 0.1, and start 1o become hazy at larger In com-
positions. The composition of the layers was determined by
x-ray diffraction.

The incorporation of In in the solid by ALE is quite
linear with the TEI flux, keeping the TMG flux constant.
This is shown in Fig. 2, which also shows the composition of
InGaAs layers grown under identical conditions by conven-
tional MOCYVD in .he same system. In this case, the TMG.
TEI and AsH, flow together through one inlet tube directly
onto a stationary substrate. The compositions plotted in Fig.
2 are taken from the center of the substrate. It is evident that
the linear range is greater by ALE than conventional
MOUCVD. Larger In concentration in the solid may be
achieved by ALE; however, we were limited by the ma.s
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20%.. (@) ALL, (O, &) conventional bulk MOCVD.

flow controllers associated with the TEI and TMG bubblers.

The variation of the solid composition of InGaAs in the
radial direction is shown in Fig. 3 for a H, flow through the
TEI bubbler of 450 sccm. Also shown is the variation for
1InGaAs grown under identical conditions by conventional
MOCVD in the same system. Uniform layers are produced
by both methods when the amount of indium is less thar
20%. It is evident that growth by ALE gives greater unifor-
mity across the substrate for large In compositions.

The AsH, and TEI are separated during growth by
ALE and thus any gas phase reaction between the two is

GAS INLET

l GROWTH

l L CHAMBEP

SUBSITRATE

/

ROTATING PART
OF SUSCEPTOR

F1G 4 Detail of the growth system showing the relationship between the
position of the gas inlet tube and the substrate. Note that the inlet tube 15
shifted to the left of the center of the substrate.
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prevenlqdfrom occurring. The sitvation is quite different in
the conventional bulk growth. In this case, the AsH, is
mixed with the TEI and a gas phase reaction can take place
in the inlet tube to the growth chamber, in the growth
chamber itself, or within thermal boundary laver near the
surface of the hot substrate. The inside of the inlet tube
showed a yellowish discoloration after the bulk growth of
InGaAs which indicates the possibility of a close to room-
temperature reaction. This discoloration did not occur with
the ALE of InGaAs. However, as shown in Fig. 3, the tnner-
most portion of the bulk-grown layer (near zero em) has an
In composition similar to that of the ALE laver grown under
identical conditions. This indicates that the room-tempera-
ture reaction in and directly below che saput tuhe does not
significantly reduce the TEI concentration in the gas phase.

The variation in the In composition by buik growth may
be explained by a reaction between AsH, and TED in the
thermal boundary layer above the substrate. The experimen-
tal setup is such that the column 111 gas stream is incident on
the inside portion of the substrate as shown in Fig. 4. The
gases must then flow outward to reach the other side of the
wafer. As the gases flow outward over the hot substrate, the
AsH, and TEI react, resulting in a reduction in the mole
fraction of TEI in the gas phase and a corresponding reduc-
tion of In in the solid as shown in Fig. 3. This hypothesis is
consistent with the results of adding N, to the H, carrter
gas.”™ In this case, the higher thermal conductivity of N,
with respect to H,, acts to reduce the thermal boundary layer
thickness resulting in a smaller volume in which the reaction
can effectively occur. This approach has been used to im-
prove the quality of In,,,Ga,,,As grown on InP sib-
strates.”" The ability of ALE to produce layers with good
compositional uniformity indicates that it may be a promis-
ing technique for producing ternary, and possibly quater-
nary, layers over large areas. This inherent control has been

Appl. Phys. Lett., Vol 49, No 5, 4 August 1986
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demonstrated by the production of large area ZnS clectrolu-
minescent displays by ALE."

The growth of InAsand In, Ga, [ As(0<x<0.43)by
atoniic layer epitaxy has been demonstrated. A self-limiting
miechanism has been observed which contrcls the deposition
to about one monclayer per cycle independent of the column
11 flux. The incorporation of In in the solid and the compo-
sibonat uniformity are improved in the layers grcwn by ALE
as compared to convennional MOCVD 1 the same system.
These results indicate that ALE may be able to produce ter-
nary, and possibly quarternary (such as InGaAsP and
InGaAsSb), layers over large areas with uniform thickness
and composition. ALE may also be used as a tool to investi-
gite various aspects of growth mechanisms by MOCVD.

The authors would like to thank the Air Force Office of
Saientific Resce sch for supporting this work.
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Ultrathin InAs/GaAs single quantum well structures grown by atomic layer

epitaxy

M. A. Tischler, N. G. Anderson, and S. M. Bedarr

Electrical and Computer Engincering Departorent. Box 7911, North Carelina State University, Raleigh,

North Carolina 27695-7911

(Received 14 August 1986, accepted for publication 9 September 1986)

Extremely thin InAS/GaAs single quantum well structares have been grown by atomie layer
epitaxy. The wells were 2 and 4 s monobners thick. Photolumimescence spectra (19 Ko

from these structures are sharp, imtense. and uniform across the sample with full widths at
half-maximum for the 2 and 4 monolaver wells of 12 and 17 meV, respectively. These results
indicate the high degree of control iherent i atonie laver epitaxy as well as its ability to grow

high quahty materials,

Quantum wells and superlattices, as well as devices in-
corporaimg these structures. such as modulation-doped
held-eflect transistors (MODEET ) and quantum well [a-
sers, require the ability to produce thin Livers with abrapt
interfaces. The single quantum wett (SQW o parnicular s
of great interest becatise it can be used to mvesnigate physics
in the quantum regime as well as the abihity of & growth
system to produce these sophisticated structures. These de-
manding reauirements have been achreved, witha lirge mea-
sure of success, by molecular beam epitany (MNBE) and me
talorganic chemical vapor deposition (MOCVD) " Tt
letter we report on very thin InAs ungle quantam wells
grown by a different technique, atomic laver epitany
(ALE).”" We have previoush reported on the atomie Ly et
epitaxy of GaAs, InAs, and (InGa)As."" " The photolu-
minescence (PL) data from these SQW structures indicae
that ALE is capable of growing unifornt. thin layers with
extremely abrupt interfaces.

Atomic layer epitaxy is a relatively new technique lor
synthesizing compound semiconductors which has the po-
tential for very precise control of the growth process.” '
Growth proceeds by the alternate deposition of the column
11T and column V species (for the growth of ITI-V semicon-
ductors). This is in contrast to conventional growth where
all of the species arrive at the substrate simultaneously. One
very important feature of ALE is that only a single mono-
layer is deposited at a time,'""'* thus giving cxcellent control
of the layer thickness. GaAs, for example, is grown by the
deposition of a layer of Ga or Ga species, followed by the
deposition of a layer of As or As species. Since only one
monolayer of GaAs ( ~2.83 A) is deposited per cycle, the
total thickness is determined only by the lattice constant of
the material and the number of cycles and can be controlled
very accurately. Additionally, very abrupt interfaces are
possible simply by changing sources and continuing with the
growth,

A schematic of the SQW struciure is shown in Fig. 1.
The substrates were silicon doped (V,, = 3% 10') GaAs,
oriented (100), 2° towards (011). The growth takes place in
a modified atmospheric pressure metalorganic chemical va-
por deposition (MOCVD) system which has the capability
to grow material by both conventional MOCVD and ALE.
The 1-um-thick GaAs buffer layer was grown by conven-
tional MOCVD, thatis, with the AsH and trimethvlgallium

1199 Appl. Phys. Lett 49 (18), 3 November 1986 0003-6951/86/441199-02301.00
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(MG) arriving simultancously at the substrate. The GaAs
confining lavers and the InAs wells were grown by ALE
The details of the ALLE growth process have been reported
previously. """ Toensure that the InAs was deposited pseu-
domorphically (elastically strained), the well widths were
kept below the eritical thickness s, for the onset of disloca-
tion generation.'” For this large lattice mismatch ( ~7.4%).
Iioisabout 20 AL

As shown in Fig. 1, the growth consisted of first 180
eveles of GaAs ( ~ 500 A) for the bottom confining layer.
The TMG source was then turned off and the triethylindium
(TEID) source was turned on. The InAs wells were then
grown using cither two or four cycles, each cycle corre-
sponding to one monolayer of InAs. Then the TEI source
was turned oft, the TMG source turned on, and the 18Ccycle
( ~ 500 A) GaAs top confining layer was grown. During the
gas switching period between TEI and TMG ( ~ 1.5 min).
the substrate sat under the AsH, flow. The gr.  :h tempera-
ture for the ALE layers was 480 °C. The surfaces of these
lavers were smooth and mirrorlike. Calculated widths of the
gquantum wells arc approximately 6.6 and 13.1 A, respective-
Iy, assuming a value of 3.28 A per monolayer for pseudomor-
phic InAs strained to lattice match GaAs.

The single quantum wells were characterized by photo-
luminescence spectroscopy which is very sensitive to materi-
al and interface quality.'”"" High quality SQW's typically
exhibit sharp. intense peaks.'~™" In preparation for PL, the
samples were cleaved into squares 2-4 mm on a side, mount-
ed in In on a copper sample holder, and cooled to 19 K in a

ALE GaAs (500 A)| [, £ 1nas

2,4 cycles

ALE GaAs (500 A)

. GaAs (1 um) ¢

Ix

GaAs substrate

FIG1 Schematie of the InAs/GaAs single quantum well structure grown
by atonne layer epitaxy The bufler layer is grown by conventional bulk
MOCVD
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FIG. 2. Photoluminescence spectra for the 2 and 4 cyele single quantum
wells. The integer next to each spectrum corresponds to the numbet of TnA«
monolayers in the well.

closed cycle He cryostate A ew Ar ' laser (4 ST A was
used as an excitation source with the been focused toabout o
30-z¢em spot on the sample surface. A relatively high power
density of about 1.75 10" W/em™ was used for excitation.
The PL spectra were obtained using a 0.64-m spectrometer
and a cooled S 1 photomultiplier.

The spectra for the 2 and 4 cycle wells are shewn o Fig,
2. The luminescence is strong with narrow spectral widthy,
indicating the high guality of the material and the interfaces,
The FWHM of the spectra are 12 and 17 meV (for the 2and
4 cycle wells, respectively) and are among the narrowest
reported for such thin single quantum wells in this or other
material systems.' ™" An identical 2 cycle SQW structure.
grown seven months after the first one, has almost identical
spectral characteristics. Peak energies and full widths at half
maximum (FWHM) for these 2 cyele structures are within
8 and 0.5 meV, respectively.

The potential of ALE 1o grow with a high degree of
spatial thickness uniformity has also been studied for sam-
ples 1.5 ¢m on a side. The photoluminescence peak energy,
FWHM, and photoluminescence peak energy variation Af
across each sample are summarized i Table 1. The peak
energies, spectral widths, and line shapes across each cample
are very uniform which indicates a high degree of control of
layer thickness and interface quality. The peak energy van-
ation AE across each sample s fess than 174 of the energy
difference between the 2 and 4 cycle structures suggesting
that the layers are uniform (o within one monolayer. The
ability to produce uniform lavers is very important in many
applications. For example, in GaAs integrated circuns, var-
iations in channel tinckness translate into threshold voltage
variations.
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TABLE I Spectral charactenstics ot 2 and, 4 cycle JnAV/GaAs singt
quantum well siructures 3 s 1he photoluniimescence peak encrgy va

ation wcrons a single sample The samples are 1 S0 Sem

Sample (cycles)  Peak energy (eV) A (meV) FWHM cmch

4 | 401 7 12
b IIRUR 12 %
4 1 7S bl 17

I conclusion. the growth of high quahty TnAS/Craas
single quantum well structures has been demonstrated by
atomic laver epitaxy . Photolumimescence spectra from these
wells show sharp intense peaks with FWHM for the 2 and 4
cyele wells (corresponding to ~ 6.6 and X1 Ay o [2and 17
meV.respectively. These are among the narrowest reportad
for such thin wells in this or other material systems. The hine
shapeand FWHM arealso very uniform across cach sample
In addition, 2 cycle structures grown seven months apart
show almost identical spectrud characteristics. These resulis
indicate that ALE has the abiliy to grow uniform. high qual-
ity material with excellent control of layer thickness and
interface abruptness. This control is mherent i ALE be-
cause growth proceeds one monolayer at a time.
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Lifetime Test for High-Current-Injection
Strained-Layer Superlattice Light-
Emitting Diode

T. KATSUYAMA Y. J. YANG, anp SALAH M. BEDAIR, MuMBER, 1EEE

Abstract—Successful  long-term  room-temperature  operation ol
InGaAs/GaAsP strained-layer superlattice (SLS) light-emitting diodes
(LED’s) under high constant current injection is reported. The devices
have been tested up to 1000 h with 830 A/cm?, 2000 h with 3000 A/cm?,
and 2000 h with 4000 A/cm? with no observed degradation in the optical
outputs. These resulls indicate that an SLS with laltice constant well
matched to that of the substrate is stable under high-levii current
injection.

ECENTLY, strained-layer superlattices (SLS's) which

consist of altecnating thin layers of two semiconductors
having different lattice constants in bulk crystal form have
received considerable attention in clectronic and optical device
applications. The basic clectronic and optical propertics of the
SLS’s can be modified over a wide range by a proper choice of
material and geometrical parameters [1]. A number of
applications using those SLS structures in lasers [2]-[6], light-
emitting diodes (LED’s) [7]-[9], photodetectors [10]-[12],
and FET's [13] have been reported. Although these SLS's
have great flexibility in device design, their reliability has
been questioned. In particular, it has been observed that under
conditions where constant high-level excitation or rapid
thermal cycling is required, the SLS devices are unstable (4].
It is noted, however, that many of SLS structures arc not
lattice matched to the substrate. Conscquently, misfit disloca-
tions are always generated at the interface between the SLS
and the substrate when a total thickness of thc SLS exceeds a
strain-dependent critical thickness [14]. In order to avoid the
generation of these misfit dislocations, device structures
normally incorporatc with a buffer layer whose lattice constant
is equal to the average lattice constant of the SLS. However,
misfit dislocations are still gencrated between the buftfer layer
and the substrate and propagate toward the SLS. This probably
explains why SLS devices such as photopumped lasers are
unstable especially under high-level excitation.

In this letter, we report a series of lifetime tests for InGaAs/
GaAsP SLS LED’s to investigate the reliability of these
structures. Since the InGaAs/GaAsP SLS structure consists of
alternating InGaAs and GaAsP layers with equal and opposite
lattice mismatch with respect to the GaAs substrate, the

Manuscript received January 7. 1987, revised February 26, 1987. This
work was supported by the National Scicnce Foundation and the Air Force
Office of Scientific Rescarch.

The authors are with the Department of Electrical and Computer Engineer-
ing, North Carolina State University, Raleigh, NC 27695-7911.

IEEE Log Number 8714672.

average lattice constant can be matched to that of GaAs
Therefore this SIS can be incorporated with GaAs and
AlGaAs device structures without the formation of mistit
dislncations at the heterointerface. Several potential applica-
tions of this SLS including LED’s {7], defect reduction [15].
and solar cell [16) have been reported.

The LED structure was grown by metalorganic chemical
vapor deposition (MOCVD) at atmospheric pressure. Tri-
methylgallium (TMG), triethylindium (TEI), AsH;, and PH,
were used in Ga, In, As, and P sources, respectively. H,Sc¢
and dimethylzinc (DMZ) were used as the n-type and p-type
dopant, respectively. A schematic cross section of the device
is shown in Fig. 1. First, a Se-doped 0.3-um GaAs (n ~ | x
10’8 ¢cm ~%) was grown on a (100) Si-doped GaAs substrate.
Then an undoped ten-period Ing GagoeAs/GaAsysPy-» SLS
active region was grown by injecting TEI and PH; alternately
during the growth of GaAs. The thickness of each layer is
about 100 A (total active region is about 2000 A ). The
mismatch between GaAs and the two compounds in bulk
crystal form is +0.79 percent. Finally, a Zn-doped 0.5-um
GaAs layer (p ~ 1 x 10" cm ~3) was grown on the SLS. The
growth temperature was $30°C for all these layers. A SiO-
layer (2000 ~ 3000 A) was deposited by plasma-assisted
CVD to make a 6-pm-wide stripe structure. The wafer was
thinned down to about 70 um and polished; then ohmic
contacts were made by depositing Au-Sn-Au (100, 200, 1000
A) followed by annealing at 300°C for 10 s for n-type and
Au-Cr-Au (100, 200, 1000 A) for p-type. Finally, the wafer
was cleaved and sawcd into individual diodes with typical
dimensions of 250 x 300 um?. The ideality factor for these
diodes ranged between 2 and 3 over three orders of magnitude
on a current scale.

Diodes were mounted to a gold-plated copper block with the
p-type face down and heid by a spring clip. The optical output
was detected by a Si photocell. Three current injection levels.
namely, 830, 3000, and 4000 A/cm?, were used in our lifetime
tests. Seven devices have been randomly selected and tested
(onc at 830 A/cm?, one at 3000 A/cm?, and five at 4000 A/
cm?). Since the junction of the diode is formed less than 1 wm
below the p-type electrode, the current spreading effect is not
significant. Current-voltage measurements performed on sev-
eral samples which had no direct connection between the metal
contact and p-type GaAs layer (i.c., the SiO, layer has no
stripe cut through it) showed a current three orders of
magnitude less than the current through the tested devices. All
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Fig. 1. Schematic drawing of SLS LED structure. The undoped active o
region consists of ten-period Iny GagsAs/GaAsyPay SLS (each layer
~ 100 A) with lattice constant equal to that of GaAs. 0 L N
1 10 100 1000
devices, including the ones without the metal contact stripe, ] OPERATING TIME (h) o
Fig. 2. Optical outputs as a function of operating time. After the initial

were the same size (250 X 300 um?), and were tested at the
same operating forward bias (1.45 V). Therefore the leakage
current across the edges of the diode and through the SiO,
insulation layer will be less than a fraction of a percent of the
total current flowing through the junction. Moreover, the
optical output for a given input current was found to be
independent of the size of the diod: for the same 6-pm-wide
stripe structure. Consequently, the current density is deter-
mined by assuming the effective current injection area of 10 x
250 um? for a stripe structure whose contact area is 6 X 250
pm?2,

Fig. 2 shows the optical outputs as a function of operating
time with constant current injection at room temperature. No
degradation in the optical “outputs has been observed. For
instance, for a 830-A/cm? current injection, the diode (no
stripe structure, full-surface metallization 125 X 125 um?)
has operated for more than 1000 h without degradation). The
device tested at 830 A/cm? has no stripe structure, but all the
other devices have the stripe structure shown in Fig. 1. 1t has
also been observed that there is no degradation up to 2000 h at
a current density of 3000 A/cm?2. By comparison, at 4000 A/
cm?, one of the five devices has operated for more than 2000 h
without degradation. Lifetime testing at 4000 A/cm? on two of
the five devices was suspended at 100 h with no observed
degradation. Two of five devices tested at 4000 A/cm? failed
after 6-10-h operation. Under such a high injection level, the
device performance seems strongly dependent upon the
method of device processing and mounting. We think that the
catastrophic degradation of two samples at 4000 A/cm?- is not
directly related to the device structure, since other devices
showed long-performance lifetimes. Although not shown in
Fig. 2, there are slight reductions (less than a few percent) in
the optical outputs within the first hour. This reduction is
somewhat larger for the diode which has no stripe structure
than it is for a stripe-structure diode. This is probably because
of a larger surface leakage current due to the structure which
has no SiO; insulation layer. For a stripe-structure diode, such
an initial reduction in the optical output is very small. Under a
high-level-injection condition at which the optical output
almost saturates, a slight reduction in the optical output has
been observed. This is mainly because of junction heating
caused by the high current injection. In fact. above 4000 A/

OO0 OOON0OGINO0 v PO e
R N R AR T T I IR St M O s
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reduction (less than a few percent) no degradation has been observed.

(a)

PL INTENSITY (A.U.}

8600 9000 9400 9800

WLVELENGTH (k)

Fig. 3 Typical emission spectra of LED at 77 K and 290 K (a) before and
(b} after 50G-h operation with 3000-A/cm? current injection. The spectral
peak positions remained unchanged, while the spectral widths were slightly
broadened.

em? the optical output decreases gradually as the current
density increases bscause of the heating effect at the junction.

The lifetime test was interrupted after 500-h operation for
the spectral measurements. Fig. 3 shows typical emission
spectra at 77 K and 290 K both before and after 500-h
operation with 3000-A/cm? current injection. The spectral
measurements were done with the current density of 200 A/
cm? both before and after the aging test. After 500-h
operation, the spectral peak positions remained unchanged,
while the spectral line widths increased slightly (3.6 meV at
290 K, 3.9 meV at 77 K) as illustrated in Fig. 3. After 2000-h
operation (not shown in Fig. 3), the spectral peak positions
still remained unchanged, while the spectral line widths
increased (2.1 meV at 290 K, 3.5 meV at 77 K). The
mechanism responsible for this broadening is not clear.
However, this broadening may be attributed to the impurity
diffusion into quantum wells. The interdiffusion at the SLS
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interfaces, which will result in hoth spectral broadening and
shift of the peak position, may be insignificant, since no
spectral peak shift was observed. These preliminary observa-
tions suggest that an SLS which is lattice matched to the
substrate is stable under high-current-injection conditions and
has a great potential for practical device applications.

R

In conclusion, we have presented the lifetime test of

InGaAs/GaAsP SLS LED’s to investigate the reliability of the
SLS structure. No degradation in the opiicai outputs has been
observed up to 1000, 2000, and 2000 h with 830-, 3000-, and
4000-A/cm? injection current density, respectively. Although
there is a slight spectral line with broadening reflecting some
changes in the active region of the device, the important
features of the LED, emission wavelength and output inten-
sity, remain unchanged. These results indicate that the SLS
which has a lattice constant equal to that of the substrate is
stable under high current injection and has a great potential for
practical SLS device applications.
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. . . 3
InGaAs/GaAsP strained layer superlattices have been grown by metalorganic chemical vapor ::;
deposition on (100) GaAs at 630 °C. The superlattices consist of 5—45 periods of alternate N:
InGaAs and GaAsP layers with equal and opposite lattice mismatch up to 1.19% with respect ;|
to the GaAs substrate. Thus, their lattice constant as a whole will be matched to that of GaAs. , .‘:,
Cross-sectional transmission electron microscopy and x-ray diffraction measurements indicate 0',:
that the superlattices have high structural quality with no misfit dislocations at the interface :e:f
between the superlattice and the substrate. A very intense and sharp photoluminescence .::‘,
spectrum (linewidth = 4 meV) at 4.5 K suggests that the interface abruptness is less than two AN
monolayers. Photoluminescence measurements along the beveled surface of the superlattice
also indicate a high optical quality within the superlattice as well as at the superlattice/ R
substrate interface. :,t ;
8
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1. INTRODUCTION

Semiconductor superlattices (SL) have been developed
recently and have provided both fundamental and technical
interest. Their properties, in principle, can be tailored by a
proper choice of the materials and geometrical parameters.
Most of the superlattice structures widely investigated are

cations of In, Ga, _ , As/GaAs, _ P, SLSs grown on GaAs
substrates, such as light emitting diodes (LEDs),"* defect
reduction,'® and solar cells.'® In this structure, with y = 2x
and equal layer thickness, the InGaAs layers will be under
biaxial compression, whereas the GaAsP layers will be un-
der biaxial tension and the average lattice constant of the

usually grown using lattice matched material systems such ~ SLS Will be equal to that of the GaAs substrate. The unique- ,'{‘
as GaAs/AlGaAs. However superlattices can also be  NeSS of this SLS is that it allows the use of GaAs and AlGaAs .‘:“
grown from lattice mismatched material systems which offer for a device structure without the formation of a high density 'q.:
more degrees of freedom.! In such a structure the lattice of misfit dislocations at the heterointerface. They may also '::‘
mismatch between the two compounds is accommodated by provide enhanced carrier collection due to strain,'” as well as vy
elastic strain rather than by misfit dislocations at the inter- 2 larger band-gap discontinuity. In this paper, we report the
face as long as the thickness of each layer is less than astrain- ~ 8T0Wth and characterization of InGaAs/GaAsP SLSs "'.':
dependent critical thickness.2* The first strained layer su-  8rown by MOCVD on (100) GaAs substrates. Structural e
2, perlattices (SLSs) were grown by vapor phase epitaxy using and optical quality as well as interface quality of the hetero- ':,g
' the GaAsP/GaAs system.* Recent developments of crystal junction was examined by x-ray diffraction, transmission :§
growth techniques, such as molecular-beam epitaxy (MBE)  ¢lectron microscopy (TEM), optical microscopy, and pho- Py
and metalorganic chemical vapor deposition (MOCVD), toluminescence.
allow the growth of high quality SLSs such as InGaAs/ N\
GaAs and GaAsP/GaP.>* Although these SLSs show flexi- - MOCVD GROWTH OF InGaAs/GaAsP SLS 5
bility in device designs and have good optical and electrical The InGaAs/GaAsP SLSs were grown by MOCVD at e

properties, their average lattice constants are usually differ-
ent from those of their substrates. Therefore, the total thick-
ness of the SLS must be below a certain critical value, or a
buffer layer whose lattice constant is equal to the average
lattice constant of the SLS is required to avoid the generation
of misfit dislocations at the interface between the substrate
and the SLS. This requirement restricts the use of SLSs as a
part of a device structure. Several material systems can be
thought of to overcome this limitation, allowing the SLS as a
whole to be lattice matched to a given substrate. Examples
are InGaAs/GaAsP, GaAsP/GaAsSb, and GaAsP/In-
GaAsSb on GaAs substrate’ and GaAs/InAs,'"" AllnAs/
InGaAs,'"'*and In, Ga, _ ,As/In,Ga, _ ,As"" on InP sub-
strate.

We have recently demonstrated several potential appli-
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atmospheric pressure in a vertical reactor. Trimethyigallium
{TMG) kept at 0 °C and triethylindium (TEI) kept at 20 °C
were used as sources for Ga and In, respectively. AsH, and
PH,, both 5% in H,, were used as As and P sources. Palla-
dium diffused H, flowing at a rate of 3.6 1/min served as a
carrier gas. The growth temperature was 630 °C, which is a
compromise between ideal growth temperature for the two
ternary alloys. For GaAsP, a relatively high growth tem-
perature is required to obtain a wide range of GaP composi-
tion because phosphorous incorporation is low at low tem-
perature.'® This is explained by the low PH,/AsH, pyrolysis
ratio at low growth temperature. On the other hand, for In-
GaAs, a lower growth temperature is preferable, because
InAs incorporation decreases as the growth temperature in-
creases. A relatively low growth rate ranging from 100-150

© 1987 American Institute of Physics




for 5 min. A series of calibration runs were made to deter-
mine compositions and layer thicknesses which will give a
equal and opposite lattice mismatch with respect to the
GaAs substrate.
The SLSs were grown on top of a thin (~0.2 zm) GaAs
buffer layer grown at 630 °C. The growth of the first InGaAs
“layer was initiated by turning on the TEI flow. After a period
of time giving a desired thickness of InGaAs, the TEI was
turned off and the PH, was immediately turned on. Then the
PH, was turned off after a certain period of time, giving a
GaAsP layer of the same thickness as the InGaAs layer, and
the TEI was immediately turned back on. In other words,
TEI and PH, 'were alternatcly injected into the growth
chamber during the growth of GaAs. This gas switching
procedure was controlled by a computer and continued until
a desired superlattice thickness was obtained. Individual su-
perlattice layers of different thicknesses and compositions
were grown by keeping the flow rate of TMG and AsH,
constant and changing the growth time and flow rate of TEI
and PH,. Table I shows typical growth conditions for several
In, Ga, _, As/GaAs, _ P, SLSs. The solid compositions of
each ternary layer were determined by photoluminescence
and x-ray diffraction of bulk epitaxial layers (thickness
>0.5 um) applying Vegard’s law. The superlattice thick-
nesses were measured by optical microscope x-ray diffrac-
tion, and cross-sectional TEM.

Hl. CHARACTERIZATION
A. Structural properties

In,Ga, _,As/GaAs, _ P, SLSs have been grown with
compositions of 0.05 < x <0.15and 0.1 <y < 0.3 and periods
ranging from 130 to 400 A. Figures 1(a) and 1(b) show
Nomarski interference contrast micrographs of InGaAs/
GaAsP SLSs. The total thickness of each SLS is about | um.
The SLS shown in Fig. 1(a) was grown under the lattice
matched condition y = 2x with equal layer thickness
(x =0.1). For this value (x = 0.1), the critical thickness
below which the strain is relieved elastically is about 200 A .2
A mirrorlike surface indicates that the SLS is closely lattice
matched to the GaAs substrate. However, the SLS shown in
Fig. 1(b) (x=0.16, y =0.17) has slight crosswatching
which is an indication of dislocation networks. This suggests
that the average lattice constant of the SLS is not matched to
the GaAs substrate. This feature is also frequently seen in
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TABLE 1. Typical growth conditions for several In, Ga, _  As/GaAs, P, SLSs. ;
%
fey
L)
Gas phasc composition (emol/min) Solid composition (9} |.gt
- e e Thickness of Number of Misfhit with respect :‘0{
Run TMG TEI AsH, PH, X v period (A) period to GaAs (%) .::
i
227 12.3 8.8 81 81 i 20 230 45 +0.79 bt
239 12.3 13.1 81 122 15 30 130 5 + 1.08
Tty
Gl
(R
a,f
A ; ; S S1Q y 1y
A/min was used for both ternaries to nunimize the gas tran-— other SLSs, such as InGaAs/GaAs' and GaAsP/GaAs, .‘,:.
sition effect and to obtain better control of the layer thick- when the total thickness of the SLS exceeds a strain-depen- is:
ness. The substrates were (100) GaAsoriented 2°toward the  dent critical value that corresponds to the average composi- )
(110) direction. They were prepared ty a standard solvent  tjon of the SLSs. ’:;.
cleaning and etching in a H,SO,:H,0:H,0, (7:1:1) solution Cross-sectional samples for the TEM were prepared by KO

lapping and ion milling two pieces bonded together face to o‘:i

face. Figure 2 shows a bright-field TEM image of a 25-period :v&f:
SLS. InGaAs layers appear as dark bands while GaAsP lay- & :’Q"

ers appear as bright bands. The image shows a periodic
layered structure with equal and uniform thickness for the ;
two ternary alloys and no misfit dislocations at the SLS/
substrate interface. The period of the superlattice in Fig. 2 is

(a)

(b)

FIG. 1. Nomarski interference contrast micrographs of the SLSs. (a) A
mirrorlike surface indicates that the SLS is closely lattice matched to the )
GaAs substrate. (b) Slight crosshatching feature indicates misfit disloca- W)
tions at the SLS/substrate interface.

Katsuyama et a/.

a® Wa¥ e
b

499

‘l

.(
. t 1 v
AN Y

”“‘Y" e

2 A8 )/
el A LUK AR R R



A ST T e ST R D WL WA M WA MR WS WU WL U SR WL TR

FIG. 2. Cross-sectional TEM image (bright field). Coherently strained and
dislocation-free layered structures (200-A period) have been observed.

about 200 A, which is consistent with the growth rate cali-
bration of the bulk ternary layers.

A conventional x-ray double diffraction measurement
has been done using GaAs as a first crystal and CuKa, radi-
ation as an x-ray source. Figure 3 shows the x-ray diffraction
pattern of a 40-period Iny , Gag, As/GaAs, , Py, SLSin the
vicinity of the (004) reflection. The diffraction pattern con-
sists of the (004) GaAs substrate reflection peak and several
weaker satellite peaks due to the periodicity of the SLS. The
number shown above each peak is the order of the satellite.
The peak linewidths (FWHM) are in the range 30-70 arc-
sec, indicating a highly uniform layered structure. The aver-
age lattice mismatch of the SLS to the GaAs substrate can be
calculated from the angular separation between the sub-
strate peak and zero order peak (n = 0). Also, the thickness
of each period can be deduced from the separation of the
satellite peaks. The sample shown in Fig. 3 has a 0.187%
average lattice mismatch and a 222-A period. The thickness
measurement by x-ray diffraction was in good agreement
with results from TEM, optical microscope, and growth rate
calibration.

B. Optical properties

The optical properties and interface quality of InGaAs/
GaAsP SLSs were characterized by photoluminescence

(400) GaAs

Intensity

ne-2 LI ns0 LER]

T T

-1500 ~1000 -500 Q 500

1000 1500

Diffraction Angle (arc sec)

FIG. 3. X-ray diffraction pattern (400) of In, , Gagy As/GaAs,, P,,, SLS.
The number shown for each peak is the order of the satellite peaks.
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(PL). PL measurement was carried out at 77 and 4.5 K with
an ordinary grating monochromater and S1 photomulti-
plier. An Ar-ion laser beam (5145 A) was focused on a sam-
ple with a spot size of 100 um. The excitation power density
was about 500 W/cm?. Figure 4 shows the PL spectra for a 5-
period In, s Gaggs As/GaAs,, Py, SLS (1 period = 130
A)at 77and 4.5 K. A very intense and sharp peak located at
1.405 eV with a full width at half maximum (FWHM) of 4
meV has been observed at 4.5 K. To the best of our knowl-
cdge, this is the narrowest value ever observed in any ter-
nary-ternary SLS structures and indicates a very sharp inter-
face and the high optical quality of the grown layers. There
are several factors that affect the PL linewidths of the
InGaAs/GaAsP SLSs. These factors include (1) periodicity
fluctuation of the SLS, (2) interface roughness (i.e., the
height and size of islands), and (3) band-gap fluctuation due
to a random variation of the composition of InGaAs and
GaAsP. Recently, several experimental results of quantum-
well structures (AlGaAs/GaAs,2® AllnAs/InGaAs?'??),
as well as theoretical studics*® of PL linewidth, have been
reported. Based on reported data and analyses, we estimate
that the interface roughness of our sample is less than two
monolayers. The peak energy variation across the sample
{~ 1.5 cm) is about 2 meV, suggesting excellent uniformity
of composition and layer thickness. The peak energy 1.405
eV corresponds to the transition between the first electron
(n=1) and heavy-hole band. The biaxial compression in
the InGaAs well breaks the degeneracy of light-hole and
heavy-hole valence band at k = 0 and increases the effective
band gap of InGaAs. In addition, the quantum size effect
increases the effective band gap of the SLS. These two effects
result in the energy shift of about 110 meV from the bulk
InGaAs value.

The optical quality of the SLSs versus depth, especially
near the SLS/substrate interface, was investigated using PL.
This was done by scanning the laser beam along a beveled
section of the layers. Several samples were beveled on a
Plexiglas plate using Ludox. The bevel angle was about 1/3
degrees, which resulted in a vertical magnification factor of

InGaAs/GaAsP
SLsS
3
-
>
-
<
L4
£
-
o
8700 8800 68.00 8000

Wavalength th

FIG. 4. PL spectra of 5-period Ing s Gag g5 AS/GaAS, 4 Py, SLS at 77 and
4.5 K. A very narrow peak (FWHM = 4 meV) indicates the excellent in-
terface quality (less than two monolayers).
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(b)
T=77K
(A) X1

(8) X20
(c) X40
(0) X40
(€E) X40

8000 8400 8800 9200

Photoluminescence Intensity (a.u.)

Waveiength (R)

FIG. 5. (a) Optical micrograph of beveled surface and a schematic of the
sample in cross section. The bevel angle is about 1/3 degrees, which results
in a vertical magnification factor of 172X (b) PL spectra (77 K) along the
beveled surface. Spectra (A )-(E) correspond to the position shown in part
(a). The variation of PL spectrum is probably due to compositional and
periodicity fluctuations of the SLS.
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172X . Figure 5(a) shows an optical mierograghi of the be-
veled surface of an InGaAs/GaAsP SLS with 45 periodsand
a schematic of the sample in cross section. The wider separa-
tions of layers near the surface are due to a rounded edge
from polishing. The laser spot size was about 50 um and the
penetration depth is estimated to be less than 2000 A based
on GaAs absorption data. Figure 5(b) shows the PL spectra
(77 K) of different spots (A-E) which correspond to the
position shown in Fig. 5(a). As the laser beam was moved
from position (A) to (B), the PL intensity decreased by
more than one order of magnitude. This is because of me-
chanical damage introduced by polishing. However, the
spectral shape did not change. From (B) to (D), the intensi-
ty still decreased gradually, while the spectral peak shifted
slightly toward the higher-energy side and a shoulder ap-
peared at the lower-energy side. As the beam approached the
SLS/substrate interface, the shoulder grew, while the main
peak decreased and finally disappeared. As is shown in Fig.
5(b), there are some variations ( ~10 meV) in the peak
emission spectrum from the SLS. These fluctuations can be
the result of compositional and periodicity fluctuation in the
SLS. The variation of 10 meV corresponds to the composi-
tional fluctuation of about 6.8% in the InGaAs well assum-
ing no periodicity fluctuation. At the interface (E), the PL
linewidth became 9 meV, whereas the PL intensity stayed
almost the same as that of position (D). PL from the Si-
doped GaAs substrate was very weak and almost undetecta-
ble, even at the position (E). This suggests that the photo-
carriers generated in the GaAs layer will be efficiently
collected in the first SLS layer which is InGaAs. Most of the
samples showed a tendency for the PL linewidth (FWHM)
to decrease or remain unchanged as the SLS/substrate inter-
face was approached. This feature is different from other
SLSs whose average lattice constants are not matched to
those of their substrates.™ We have done a similar experi-
ment on InGaAs/GaAs SLSs, which have similar geometri-
cal and compositional parameters to those of InGaAs/
GaAsP SLSs. A significant decrease of PL intensity and
spectral line broadening near the SLS/substrate interface
was observed. This is probably due to a high density of misfit
dislocations at the SLS/substrate interface. This result indi-
cates that the average lattice constant of the SLS must be
matched to that of the substrate to obtain a high optical
quality throughout the entire layer. This is very important,
especially when SLSs are used in the active regions of de-
vices.

IV. CONCLUSION

Metalorganic chemical vapor deposition has been used
for the growth of InGaAs/GaAsP strained layer superlat-
tices (SLSs). The SLSs consist of alternate InGaAs and
GaAsP layers with equal and opposite lattice mismatch up
to 1.1% with respect to the GaAs substrate. Thus, the aver-
age lattice constant of the SLSs was closely matched to that
of GaAs. Thesstructural quality was examined by a combina-
tion of x-ray diffraction, TEM, and optical microscopy.
These results showed coherently strained and dislocation
free layered structures. Optical quality was evaluated by
conventional PL measurement. A very intense and sharp
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spectrum (FWHM = 4 meV) at 4.5 K indicates the excel-
lent interface quality (less than two monolayers). In addi-
tion, PL spectra at different depths in the SLS suggest a high
optical quality throughout the entire layer as well as at the
SLS/substrate interface. This SLS structure can be used
with GaAs and AlGaAs without the formation of a high
density of misfit dislocations at the heterointerface, thus
having a great potential for the application of a variety of
novel device structures.
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Moiecular stream epitaxy allows several molecular beam epitaxy (MBE) concepts to tuke
place in a metalorganic chemical vapor deposition reactor. In this technique, the growth of
InGaAs/GaALP superfattices proceeds by rotating the substrate between two gas streams, cie

containing trimethylgatlium (UMGH, tnethyhindium, and AsH and the other containing

TMG. PH and AL

I'lus techmgue cltmimates gas low transients and provides a method to

mechanically sheay off the gascous boundary Ly er between successive exposures. Ultrathin
strained-layer superlattices (SLS's) with 8-A-thick films have been obtained. The optical
propertics of these SLS™s are comparable to those obtained for equivalent superfattices by gas

source MBE.

Molecular beam epitaxy (MBE) and metalorganic
cnemical vapor deposition (MOCVD) have been estab-
lished as two major deposition techniques for the growth of
semiconductor thin films. Each technique has its own limita-
tions and advantages. Recently, several efforts have been di-
rected to combine the advantages of both techniques. Exam-
ples are the recent impressive results obtaied by gas source
MBE (GSMBE)}' und chemical beam cpitaxy (CBE).
These efforts have been based on modifying the MBE growth
chamber to allow the use of organcmetallic and hydride
sources. On the other hand, a multichamber MOCVD sys-
tem has improved interface quality.' We report here a new
technique based on modifying the nature of the MOCVD
deposition process to take advantages of MBE growth con-
cepts. The MBE process allows direct incidence of atoms or
molecules in a direct line of sight onto a heated substrate
surface. Also there is no diffusion boundary layer through
which the reactant species have to diffuse to reach the sub-
strate surface. Morcover. the imtiation and the termination
of the growth process occur by opening and closing shutters
that result in extremely abrupt interfaces. Molecular stream
epitaxy (MSE)?* allows the incorporation of these MBE con-
cepts in a MOCVD reactor.

Figure | shows a schematic of the growth chamber and
susceptor designed 1o allow some of the MBE features to be
utilized during the MOCVD growth process. The system has
been tested for the growth of InGaAs/GaAsP strained- lay-
er superlattices (SLS’s). Trimethylgallium (TMG), trieth-
ylindium (TEI), and AsH, are continuously flowing
through tube A for the growth of the InGaAs film, whercas
TMG. AsH,, and PH, are continuously flowing through
tube B for the growth of GaAsP films. The rf-heated suscep-
tor consists of several parts. The tixed part F has two win-
dows, facing the inlet tubes A and B. The substrate sits in a
recess in the rotating part R of the susceptor. This part of the
susceptor is driven by a computer-controlled stepping mo-
tor. Gases from the input tubes A and B flow unimpeded
through the su-ceptor except when the substrate cuts
through the gas streams. The fixed top part of the susceptor
also acts to shear off most of the gascous boundary layer

529 Appl Phys Lett 51(7). 17 August 1987
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between successive exposures. The clearance between the
surface of the substrate and the top piece of the susceptor is
several mils to avoid scratching of the substrate while mini-
mizing the dead volume.

The growth process for the SLS proceeds as follows: The
substrate is rotated to face tube A for a given time to grow an
InGaAs film of a desired thickness. The substrate is then
rotated away from this gas stream and simultaneously shears
off any residual gas film that contains TMG and TEI. This
will allow the sudden termination of the InGaAs growth.
This action simulates the closing of In and Ga shutters in the
MBE process. The substrate is now rotated to face tube B,
thus cutting into the TMG, AsH,, and PH, stream. Since
the diffusion boundary layer is almost absent, the growth of
GaAsP starts suddenly when the substrate is in the line of
sight of this second stream, initiating an abrupt interface.

—= Rotating Part

—-— Fived Part

Substrate

Tube A -

Growth
[~ Chamber

Fixed Part

Substrate .

Rotating Part ~
Quart: Support

Thermocouple -§f- - -

— Quart: Rod

FiGo 1 Schematie of the growth chamber and susceptor of molecular
stream epitaxy {MSE). The gaseous boundary layer above the substrate 1s
sheared off mechanically between successive exposures

© 1887 American Institute of Physics
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GaAs(004)
Cu Knl

Diffraction Intensity (a.u.)

FIG. 2. Series of x-ray diffraction patterns
of he strained-layer superlattices (SLS's)
in the vicinity of the (004) reflection
Numbers shown above each peak are the
order of the satellite peaks. (a) 183 A peri-
od (10.3s exposure); (b) 96 A period - 5.3
s exposure); (c) 52 A period (2.8 s expo-
sure).

Diffraction Angle (20)

This action will simulate the opening of shutters which initi-
ates the MBE growth process. It should also be mentioned
that the growth of this SLS is taking place without any
switching of gases as in the conventional MOCVD process.
Thus, problems such as dead volume and flow transients are
avoided. Also, since the flow of gas streams is unimpeded
most of the time, buoyancy effects can be reduced. The very
initial stage of growth in MSE takes place with the near ab-
sence of diffusion and thermal boundary layers. thus assur-
ing interface abruptness. When the growth proceeds for
more than a second or so, this boundary layer will develop
and will control the deposition mechanism of layers beyond
the first few monolayers. The development of this diffusion
boundary layer will not interfere with the generation of
abrupt interfaces in MSE. It should also be mentioned that
there is a finite volume of trapped gas, a few mils thick, thatis
present during the process of rotating the substrate between
the two streams. The amount of TMG trapped in this vol-
ume will allow an additional growth of less than one hun-
dredth of a monolayer of the ternary alloy to take place be-
fore the exposure to the second stream. It might also be
possible that some minor cross contamination from the PH,
side will take place, for example, during the deposition of
InGaAs film. However, a graphite wedge in conjunction
with large H, flow from the center tube helps in preventing
this cross-diffusion effect.

In,Ga, _,As/GaAs, P, SLS’s were grown by MSE
on Cr-doped (100)GaAs substrates at 630°C in a vertical
MOCVD system operating at atmospheric pressure. The ex-
posure time to each gas stream varied from 0.5 to 10.] s.
Equal exposure times were allowed for the two gas streams.
The transition time from one siream to the other is about 1.5

530 Appl. Phys. Lett., Vol. 51, No. 7, 17 August 1987

s. The amount of the cross diffusion was estimated by grow-
ing GaAs at one side while flowing PH; at the other side.
The results indicate that approximately 2% of a total flow of
PH, will be incorporated with GaAs (or cross diffused).
The mole fraction of TEI and PH, was adjusted to allow the
growth of SLS with x = 12% and y = 23%. These values of
x and y allow the SLS to be grown with an average lattice
constant that is closely lattice matched to the GaAs sub-
strate.

Figure 2 shows the x-ray diffraction patterns obtained
from the In, , Gagyy As/GaAs, 15 Py, SLS's using Cu A
radiation. The period of these SLS’s obtained for different
exposure times was deduced from the separation of the satel-
lite peaks shown in Fig. 2 and the results are summarized in
Table I. Although not shown in Fig. 2, sample d, which was
grown for an exposure time of 1.3 s, showed weak and broad
x-ray satellite peaks whose separation corresponds to a 25-A
neriod. For sumple e the exposure time was reduced to 0.5 s.
However, we were not able to determine the period from the
s ~aration of the satellite peaks probably due to limitations

TABLE I. Growth conditions and structures of SLS's

Exposure Number of Period
Run time (s) periods (A)
a 10.3 30 183
b 5.3 120 96
¢ 2.8 200 S2
d 1.3 400 25
¢ 0.5 800 16
Katsuyama et a/ 330
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F1G. 3. High-resolution transmission electron microscope images of the
MSE grown ultrathin InGaAs/GaAsP SLS's. (a) 25 A period (1.3 s expo-
sure); (b) 16 A period (0.5 s exposure).

of our x-ray diffraction setup.

The high-resolution transmission electron microscope
(TEM) technique was used to characterize these ultrathin
SLS’s. Figures 3(a) and 3(b) show cross-section TEM im-
ages of samples d and e, respectively. For exposure times of
1.3 and 0.5 s the SLS’s are made of layers 13 and 8 A thick,
respectively. These SLS's were also characterized by photo-
luminescence {PL) measurements performed at 77 K using
an Ar-ion laser. The PL resuits are shown in Fig. 4. As the
well width (InGaAs layer thickness) was decreased. the PL
peaks shifted toward the higher cnergy side due to the quan-
tum size effect. The full width at half-maximum (FWHM)
of the PL spectra ranged from 12 to 16 meV as shown in
Fig. 4.

The above results obtained by x-ray diffraction, TEM,
and PL show that MSE can be a very useful technique for the
synthesis of ultrathin films with excellent optical and struc-
tural properties. Moreover, the layer thickness can be con-
trolled precisely by changing exposure times. The InGaAs/
GaAsP SLS was chosen to test the potential of this new de-
position technique for two reasons. First, this SLS has sever-
al applications in optical devices such as light-emitting di-
odes*® and as buffer layers for the reduction of defects in
epitaxial GaAs filnis.” The second reason is to test the MSE
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FIG. 4. Photoluminescence spectra of the SLS™ at 77 K. Single sharp peaks
corresponding to the transition between the first clectron (n = 1) and
heavy-hole band have been observed.

approach in the growth of SLS’s that contain both As and P,
which are uifficult structures to synthesize with abrupt inter-
faces.* The 8-A InGaAs well and GaAsP barrier shown in
Fig. 3(b), demonstrated the ability of MSE to grow ul-
trathin films without gas switching. To the best of our
knowledge, this is one of the thinnest films ever synthesized
in a superlattice with alternating layers having As and P
compounds.” Also the PL data showed that SLS’s grown by
MSE have comparable optical properties to those obtained
by GSMBE' and CBE." For example, the FWHM of
InGaAs/GaAsP SLS at 77 K is about the same as that ob-
tained by GSMBE at 6 K for InGGaAsP/InP superlattice
structure with 80-A wells.! Also the 8-A InGaAs quantum
well in the InGaAs/GaAsP SLS has comparable PL proper-
ties to that obtained by CBE and low pressure MOCVD® at 2
K for an InP-InGaAs single quantum well.

In conclusion, MSE is a potential technique that allows
some of the MBE growth features to take place during the
MOCVD growth process. This has resulted in structures
with abrupt interfaces that are comparable to those obtained
by GSMBE and CBE.

This work has been supported by The National Science
Foundation and the Air Force Office of Scientific Research.
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in GaAs epilayers grown on silicon substrates
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In GaAs-GaAsP strained-layer superlattices grown lattice matched to GaAs are effective
buffer layers in reducing dislocations in epitaxial GaAs films grown on Si substrates. The
strained-layer superlattice structure permits high values of strain to be employed without the
strained-layer superlattice generating dislocations of its own. We find that the strained-layer
superlattice buffer is extremely effective in blocking threading dislocations of low density and
is less effective when the dislocation density is high. It appears that for a given strained-layer

superlattice there is a finite capacity for blocking dislocations. Transmission electron
microscopy has been used to investigate the role of the superlattice buffer layer.

The growth of GaAs on silicon substrates provides a
convenient method of integrating III-V compound-based
devices and silicon electronic circuits. However, as a result
of the large lattice mismatch that exists between the two
materials, a high density of defects (~10%~10° cm~?) is
present in the GaAs epilayer. Furthermore, it is evident that
the presence of these defects restricts the widespread appli-
cations of the GaAs-Si heteroepitaxial technology. To date,
several approaches have been successfully employed to re-
duce the ¢-nsity of dislocations. These methods inicude the
application of strained-layer superlattices (SLS’s),"? ther-
mal annealing,’ and rapid thermal annealing. Indeed, sever-
al SLS structures based on the In Ga, _, As-GaAs® and
GaAs, _,P,-GaAs® systems have been reported. Utilizing
these SLS buffer lavers a reduction in the dislocation density
has been observed. However, despite these results, it is evi-
dent that the ternary-binary (GaAs) SLS system cannot be
grown lattice matched to the GaAs substrate. Moreover,
these SLS structures, which as a whole have a lattice con-
stant that corresponds to the ternary material with composi-
tion of x/2 (or y/2), have several inherent shortcomings. In
particular, the total thickness of the SLS must be less than
the critical thickness A, in order to circumvent the genera-
tion of misfit dislocations at the GaAs epilayer interface.’
Consequently, this will limit the number of periods and,
therefore, the number of strained interfaces that are avail-
able to suppress the propagation of threading dislocations. It
follows, therefore, that in order to alleviate these problems in
the ternary-binary SLS system, we require a superlattice
composed of two materials having equal, but opposite, lat-
tice mismatches, such that the average lattice constant
matches that of the GaAs substrate. An exceptional material
candidate is an In, Ga,_,As-GaAs, _,P (y=2x) SLS
which can be grown lattice matched to G~As. A further ad-
vantage of utilizing this particular SUS structure is that high
values of strain can be accommodated without the SLS gen-
erating dislocations of its own. Moreover, we have previous-
ly reported that the ternary-ternary SLS buffer was very ef-

1608 Appl. Phys. Lett. 51 (20), 16 Novernber 1987  0003-6951/87/461608-03$01.00
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fective in blocking dislocations originating at the GaAs
substrate.® Indeed, it was apparent that a very low density of
threading dislocations in the GaAs epilayer was achieved.
In this letter we investigate the effectivenress of tilizing
a highly strained In, Ga, _, As-GaAs, _ P, SLS in reduc-
ing the density of threading dislocations that propagate from
the GaAs-Si interface. The GaAs on.silicon samples used in
this study were provided by the University of Illinois, Spire
Corporation, and the Kopin Corporation. Samples have also
been grown in our laboratory. The strained-layer superlat-
tices and GaAs epitaxial [ayers were grown by metalorganic
chemical vapor deposition (MOCVD) at North Carolina
State University. Several In,Ga, _ , As-GaAs, _ P, SLS
structures with y ~2x have been investigated. A schematic
diagram of the SLS structure is shown in Fig. 1. The corre-
sponding values of x and y were varied in the ranges of 8-
25% and 16-40%, respectively. Individual layer thicknesses
were varied from 80 to 300 A, depending on the ternary alloy

InGaAs
(Compression)

Lattice Constant
.

GaeAsP
(Tension)

SLS

FIG. 1. Schematic diagram of the InGaAs-GaAsP strained-layer superlat-
tice (SLS) structure.
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FIG. 2. Cross-sectional bright-field image illustrating the effectiveness of
the SLS in bending dislocations. Regions X and Y denote areas of low and
high dislocation densities, respectively.

composition. The intrinsic strain was maintained in the 0-
2% range. Transmission electron microscopy (TEM) sam-
ples for both cross-sectional and plan view were prepared by
mechanical thinning followed by ion milling.

The effectiveness of utilizing the
In,Ga, _, As-GaAs, _ P, SLSstructure as a buffer layer is

FIG. 3. Cross-sectional bright-field micrograph illustrating bending and
the interaction of two dislocations, namely, A and B, zlong the interfacial
planes of the SLS. A relatively low dislocation density has been achieved by
rapid thermal annealing.
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(c)

F1G. 4. [100] Plan-view transmission electron micrograph: (a) of as-
grown GaAs/Si samples; (b) illustrating the bending and propagation of
dislocations along the (110) directions within the InGaAs-GaAsP SLS; (¢)
epitaxial GaAs grown on top of the SLS.

shown in the bright-field micrograph of Fig. 2. In this image,
regions denoted by X and Y are areas of low and high dislo-
cation densities, respectively. It is clear that the impinging
dislocations on the SLS in region X are confined by the
strained ficld and bent along the SLS interface planes. Con-
sequently, almost all the dislocations impinging on the SLS
are blocked and do not thread to the GaAs top layer. Indeed.
it is evident that the SLS is most effective in confining and
bending the dislocations in the absence of a perturbing strain
field generated by another dislocation. However, the interac-
tion and a merger of a high density of dislocations in region
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Y rssults jn an ypward threading of dislocations mio the
(GaAs epilayer. Moreover, the higher the distocation density,
the greater the likelihood of dislocation-dislocation interac-
| tions and, consequently, the greater the probability that
some of the dislocations will thread into the GaAs epilayer.
Clearly, the SLS has only a finite capacity for bending the
dislocations in the interfacial planes of the SLS.
It is apparent from the above results that in order for the
SLS to be made more effective, the density of impinging
threading dislocations on the SIS must be reduced. This
reduction in dislocation density may be achieved by rapid
thermal annealing the GaAs/Si samples at a temperature ol
900 °C for 10's prior to the growth of the SLS.” The effective-
ness of the SLS in blocking dislocations in this low-density
region is clearly shown in Fig. 3. Two dislocations labeled A
and B on the micrograph are bent at the SLS bufter layer. In
particular, dislocation A is bent at the second SLS period
interface and proceeds undisturbed along this interfacial
plane. However, when dislocation A encounters a strain
field generated by dislocation B, which is confined at the first
SLS irterface, the propagation direction of A is changed. It
is also possible that when the dislocations are in close prox-
imity, one or more of the dislocations can thread into the
GaAs epilayer.
Plan-view bright-field TEM has also been performed on
nonannealed samples to assess the effectiveness of the SLS.
Figure 4(a) shows a plan-view micrograph of the as-grown
GaAs/Si interface prior to the growth of the SLS. The bend-
ing and propagation of dislocations along the (110) direc-
tions within this SLS are illustrated in Fig. 4(b). Also shown
is the interaction between neighboring dislocations. In a
plan-view TEM of the GaAs epilayer grown on top of the
SLS, two distinct dislocation density regions are discernible.
In an area of approximately 100 #m?, no threading disloca-
tions were observed. We believe that this area corresponds to
region X in Fig. 2, where the SLS is highly effective in bend-
ing the dislocations. In contrast, we have also identified a
region where the dislocation density is fairly high as shown
in Fig. 4(c). This area may be compared to region Y in Fig.
2, where we have observed a small fraction of dislocations
ﬁl threading through the SLS.

1610 Appl. Fhys. Lett., Vol. 51, No. 20, 16 November 1987

i
In conclusion, it has been shown that the o
In,Ga, | As-GaAs, _, P, (y=2x) is an appropriate and L 4
highly effective buffer layer for reducing dislocations origi- 0':"
nating at the GaAs-Siinterface. The SLS structure also per- ':0:‘
mits high values of strain to be employed without the SLS '0:::
generating dislocations of its own. However, the present re- " :
sults also indicate that the effectiveness of the SLS depends i
on the density of dislocations. For instance, when the dislo- ]
cation density is low, the threading dislocations are confined ‘ A
(o the SIS interfaces and do not propagate into the GaAs e
epilayer. In contrast, when the dislocation density is very o:i:
high, it is apparent that the SLS is not as effective. Further 0"0:‘
work 15 required to optimize the SLS structure by varying [l
the strain and the number of SLS layers in order to achieve
high-quality GaAs on silicon with a very low dislocation v'l'
¢

density. It is also evident that much more work is needed to
understand the interaction and movement of dislocations at
the SLS interfaces.

We acknowledge H. Morkog (University of Illinois), J.
Fan (Kopin Corporation), and S. Vernon (Spire Corpora-
tion) for providing a few of the samples used in this study.
The work is supported by the Air Force Office of Scientific
Research and by the Solar Energy Research Institute.
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Defect Reduction in GaAs Epilayers on
Si Substrates Using Strained Layer Superlattices

by

N. El-Masry, N. Hamaguchi, J.C.L. Tarn, N, Karam,
T.P. Humphreys, D. Mcore and $.M. Bedair

Electrical and Computer Engineering Department
North Carolina State University
Raleigh, North Carolina 27695

J.W. Lee and J. Salerno

Kopin Corporation
Taunton, Massachusetts

ABSTRACT

In,Ga,_,As—GaAs,_,P, strained layer superlattice buffer layers have been used to
reduce threading dislocations in GaAs grown on Si substrates. However, for an initially
high density of dislocations. the strained laver superlattice is not an effective Rltcring avs-
tem. Consequently, the emergence of dislocations from the SLS propagate upwards into
the GaAs epilayer. However, by emploving thermal annealing or rapid thermal anneal-
ing, the number of dislocation impinging on the SL.S can he significantly reduced, Indeed,
this treatment greatly enhances the efficiency and usefulness of the SLS in reducing the
number of threading dislocations.

Transmission electron microscopy techniques have been used to characterize the
dislocation behavior.

The growth of GaAs on Si substratey cnables the integration of {lI-V compound
based devices and Si electronic circuits. To date, several approaches have been investi-
gated for the deposition of GaAs Il-V compounds on Si substrates. These methors
include. the use of a Ge intermediate laver.'! direet deposition usis 3 molecular beam epi-
taxy."*! metalorganic chemucal vapor deposition'*! and laser stimmulizted deposition'!!. How-
ever, one of the major difficultics in this technology is Lthe generation of a high density of
delects in the GaAs epitaxial lavers. Recently, several schemes have been auceessfully
emploved to reduce the dencity of defects. These approaches incluyde thermal anneal-
ing.!* rapid thermal annealing!® and the use of strained laver superlattices (SLELTY The
corresponding SLS structures that have besn-studied ineclude, In,’a,. ,:\--—G.\As':’ and
GaAs,_ P, ~GaAst" A< a consequence of using these SIS bullers lavers. a sigiiliennt
reduction in the dislocation density has been obtained. However. avspite these results the
SLS composed of ternary-binary {GaAs) systems cannot be grown lattice matched to the
GaAs substrate. lndeed, this SLS structure which as a2 whole has a lattice constant which
corresponds to the ternary material with composition of x/2. has scveral inherent
shortcomings. In particular, the total thickness of the SLS <hould be less than the critieal
thickness. h.. in order to prevent the generation of misAt disorcations at the Gas
anbstrate /SLE interfaee™  Consequentiv. this will hmit the a.mber of periods and
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therefore. the number of interfaces capable of suppressing the propakation. of threading .,-
dislocations. Furthermore, the binary-ternary SLS will also limit the amount of strain e
that can be present between suecessive Tuvers in the SLS Indedd, it has been previousthy ".‘l:
repozted”™ tiut whea the In, Gay, A= Ga A SLs s a eial thickness greater than b, :f:‘:(
for x/2 diviocations are geaerated ol both the SEs;GaAs (substrate) and the GaAs "!:f
{ertaver)/SES interfaces Tt follows thetefore tha 1z ordee to circumvent the Sortes: .:l:
ings in the ternarv-binary SIS syeten, we require o superiattice composed of 1w mate-s- ‘“:‘
ale having cqual but opposite Iattice nosmatehes, sach that the average lattice constant Y
matehes  that ol the  GaAe substrate A patential material  candidite s e
Gadep (Fo-In,Gay (As with v = 2% which ean be grown it matched to Gads '.‘:l
fact. we have previously reported that the ternary-ternsry SLY hatter was very e Tective in |‘|:0Q
blorking dislocations originating at the GaAs subsizane ™ Furthor, it was alse reported ‘:‘ 5:
that a very low dislocation density of deleets in the « v \s vpnlayer was achieved. .I‘ ‘(
In thiv present work we report on the electiveness of gyang GaAsP-InGaAe SLE in K‘:
reducing threading dislocations onginatig at the GaAs/sinteeface. Indeed. we alsa .
repert on tho anterface-quality of the heteraepitaxy GaAs-Si structure using high resolu- “':qﬁ
tion electron microscopy. The GaAs hlins were grown on St by the Kopin Corporation :l.|
followed by the growth of the SLS and GaAs epilavers in our laboratory at North Caro- :‘:‘:
lina State University, Both growth steps emnployed MOCVD techniques. To study the .0“
atomic structure of the GaAs/Si interface, a JEOL 200.CX high resolution transmission _‘
electron microscope was used. The instrument has a point-to-point resolution of 2.5 A. Ny
The morphology of the GaAs/Si interfare is shown in Figure ). The electron beam is 9
incident along the <011> direction. In this image. the GaAs/Si interface appears as a "":';
bright band. The presence of steps at the interface are not visible due to atomic rough- .k'g‘
ness in the interface plane. Two regions on the micrograph are clearly defined. namely an .:;
’9
Wk

Figure 1 High resofution TEM showing the the defects at ;
the CGaAs/Siinterface

Ly
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icoherent interface region labeled (A) and an area with an amorphous appearance
denoted by (1) The interruption of crystallinity at the GaAs/Si interface may be due to
the presence of residunl oxides on the Si substrute surface, Similar obwervations have
heen reported for the MBE growth of GaAs on $i.!'® The micrograph also.clesrly shows
individual mistit dislocations which can be identified as extra lattice [ringes along the
{t11) or {111) planex on the Si side of the interface. Two types of misfit dislocations pre.
viously reported for MBE grown materialsl® have also been oherrved, namely, edes and
minved dislocations in the MOCVD grown samples.

several dn Gy (As=Cads . ') SLS buffer layere with o 2x have heen pvesn.
gated mnoour study, The correspondmg values of x and v have beos, vared in the range of
Lot hoand 16 - 08 respeetively. Depending on the composition of the ternary alloye
the thickness of the individual layers we 2 varied from 80 - 300 AL The intrisgie <train
was mamtained in the 0+ 29 range. Both eross-seetional. and plan view TEM were used
to study the effectiveness of these SLS buffer layers in reducing threading dislocations.
These results are summiarized as follows,

| The SLX i« not very eflective in reducing threading dislocations when then density is
in the 10%/¢m® range, or greater. This observation was vilid for each of the SIS
structures investigated in this study. U is appuarent as shown in Figure 2(a), that in
repions of high dislocation density, threading dislocations that start to bend at the
SLS interfaces interact with each other. This mechanism will result in the disloca-
tions threading and penetrating the SLS buffer and (iaAs epilayer.

Figure 2 TEM Bright-field image ilfustrating:

a) Dislocations with high density, threading
through the InGaAy/GaA«l" SLLS
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The SLS is mare eflective in reducing diclocatione by hending them at the SLS inter-
face in regions were the dislocation density is approximately 10%/em®, or lower. This l.‘.'f
is clearly shown in Figure 2(b) were it is apparent that in the central region of the '0."&:
inage. the dislocations are bent. However. at the edges the SLS is less effective due
J to high density of impinging dislocations. )

GaAs A
Eb, '.‘

Figure 2 TEM Bright-field image illustrating: k

b) A SLS effectively bending dislocation in regions : ;{"_é;
where there is a low dislocation density.

3. Clearly. in order for the SLS to be made more effective the density of the impinging R
threading disiocations, shonuld be reduced. within the range of 107/cm? or lower. Two . ﬁ" X
approaches were implemented to achicve this goal. The first method was to employ X
an in-situ anneal at 825°C for 20 minuytes before the growth of the SLS. The second l.I:.|l J
approach utilizes rapid thermal annealing at 900°C for 10 seconds before sample '.I
isertion in the MOCVD) reactor. Both these approaches were found to be very "l
efticient in reducing the number of disiocations to a level where the SLS behaves as e
an effective buffer laver. The micrograph in Figure 3 shows that the SLS is e
extremely eflicient in bending any type of dislocation. The SLS emploved in this . |\‘:
structure is composed of five Ing 4(iag 4As/GGansg saPgs lavers, each of 80 A thick- ‘::0'"
ness with an ntermediate 800 A laver of GiaAs  This structure is repeated three ‘,F"
tmes and is followed by the growth of a § wm GaAsg epilaver. . 5)-’.
In couclusion, it 1= apparent that strained laver superiattices conbined with rapid by

thermal anncaling or thermal annealing of the Si/GaAs substrates, significantly reduces K

the number of threading dislocations in the GaAs epilaver. This work is supported by
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." Molecular stream epitaxy and the role of the boundary layer in chemical

vapor deposition
T. Katsuyama and S. M. Bedair
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Molecuiar stream epitaxy (MSE) is a new growth technique that modifies the nature of the
metalorganic chemical vapor deposition (MOCVD) process to take advantage of molecular-
beam epitaxy (MBE) growth concepts, and was used for the growth of InGaAs, GaAsP, and
InGaAs/GaAsP strained-layer superlattices (SLSs). In this technique, the growth proceeds by
rotating the substrate to cut into streams of reactant gases and thus eliminates gas-fiow
transients and provides a method to mechanically shear off the gasegus boundary layer above
the substrate between successive exposures. In the growth of InGaAs and GaAsP, growth rate
enhancement and compositional changes were observed in the faster rotation regime. These
phenomena were attributed to the effective reduction of the diffusion boundary layer above the
substrate. In the growth of InGaAs/GaAsP SLSs the individual layer thickness of these SLSs
was controlled precisely down to 8 A by simply changing the exposure time to the stream of
reactant gases. The optical properties of these SLSs were comparable to those obtained for

equivalent superlattices by gas source MBE.

INTRODUCTION

Metalorganic chemical vapor deposition (MOCVD)
and molecular-beam epitaxy (MBE) have become the two
dominant crystal-growth techniques used to synthesize so-
phisticated structures. However, each technique has its own
advantages and disadvantages. MOCVD is a gas-phase
chemical deposition process which takes place at relatively
high gas pressures compared to MBE. This technique pro-
vides more flexibility than MBE, particularly for the growth
of phosphorus compounds and allows uniform wide area
growths. However, in the CVD process, reactant species
have to diffuse through a gaseous boundary layer to reach
the substrate.’ Therefore, the abruptness of heterointerfaces
will suffer from the diffusion boundary layer and gas switch-
ing transients. On the other hand, MBE is a physical depo-
sition process that takes place in ultrahigh vacuum. No dif-
fusion boundary layer exists, and thus, allows direct
incidence of atoms or molecules in a direct line of sight onto
the heated substrate. Several efforts have been made to com-
bine the advantages of both techniques.?-* Recent impres-
sive results obtained by gas source MBE (GSMBE)® and
chemical beam epitaxy (CBE),” which are based on modify-
ing the MBE growth chamber to allow the use of organome-
tallic and hybride sources, are typical examples.

We report a new growth technique, molecular stream
epitaxy (MSE), which is based on modifying the nature of
the MOCVD process to take advantage of MBE growth con-
cepts.®® MSE is performed in a modified atmospheric pres-
sure MOCVD growth system. A specially designed growth
chamber and susceptor allow the substrate to cut into
streams of reactant gases. This technique provides a method
to mechanically shear off the gaseous boundary layer
between successive exposures and the growth process occurs
repetitively in the time regime where the boundary layer is
not formed yet. Therefore, molecules in the stream can im-
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pinge directly onto the substrate rather than diffuse through
the boundary layer. Moreover, this technique eliminates gas-
flow transients and considerably reduces the dead volume
and convection effects.

MSE GROWTH SYSTEM AND PROCESS

Figure 1 shows a schematic of the growth chamber and
susceptor designed to allow some of the MBE features to be
utilized during the MOCVD growth process. The rf-heated
susceptor consists of several parts. The fixed part has two

--— Rotating Part

-=— Fixed [Part

Substrate

CGrawlth

Chaunber

Substrate {1
Rotating Part

Pevedd Pare

- Quartz Suppart

Thermocouple

— - Quartz Rod

FIG. 1. Schematic of the MSE growth process. The gaseous boundary Loy o
above the substrate is sheared off mechanically as the substrate moves o A
"

from the stream and the growth is terminated. ¥
L J
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windows facing the inlet tubes A and B. The substrate sits in
arccess (1.5X 1.5 cm?) in the rotating part of the susceptor.
This part of the susceptor is driven by a computer-controlled
stepping motor. The fixed part of the susceptor also acts to
shear off most of the gaseous boundary layer between succes-
sive exposures. The clearance between the surface of the sub-
strate and the top piece of the susceptor is several mils to
avoid scratching of the substrate while minimizing the dead
volume. Gases from the input tubes A and B flow unimpeded
through the susceptor when the substrate is in position (a).
This reduces the effects of convection and cross diffusion
and also prevents the buildup of the gaseous boundary layer
over the fixed part of the susceptor. A large flow of H, in the
middle tube is designed to prevent mixing of the gases from
tubes A and B. When the substrate is moved into the stream
of reactant gases, the gas species impinge directly on the
substrate due to the near absence of the diffusion boundary
layer, and the deposition takes place suddenly {position
(b)]. This action simulates the opening of the shutters in the
MBE process. As the susceptor moves away from the
stream, the gaseous boundary layer is sheared off mechani-
cally by the top fixed part of the susceptor and the growth is
terminated [position (c)]. This action simulates the closing
of the shutters in the MBE process. The same process can be
repeated at the other side of the susceptor and the rotation is
continued until the desired thickness is obtained. The fastest
transition time from one gas stream to the otheris 1.5s. The
fastest rotation is 3 s per cycle corresponding to the shortest
exposure time of about 0.3 s. The composition of the grown
films was measured by an x-ray diffraction technique.

MSE GROWTH OF InGaAs AND GaAsP

In,Ga, _,As and GaAs, _ P, were grown on a (100)
Cr-doped GaAs substrate at atmospheric pressure by MSE
to investigate the effect of the reduction of the boundary
layer thickness on the composition and growth rate. Tri-
methylgallium (TMG), triethylindium (TEI), AsH, (10%
in H;), and PH, (5% in H,) were used as Ga, In, As, and P
sources, respectively. H, was used as a carrier gas with a
total flowrate of 750 sccm for each of the tubes, A and B, and
it was also used for the center flow with a flowrate of 4000
sccm. The substrate was cleaved to fit in the recess of the
rotating part of the susceptor. The substrate position was
adjusted and exposed to the stream from either tube A or B.
The substrates were heated under AsH, at the growth tem-
perature (550-730 °C) for about 5 min before the growth.
InGaAs was grown by cutting into the stream from tube A
containing TMG, TEI, and AsH, with various exposure
times (0.3-600 s). Only carrier hydrogen (750 sccm) was
passed through tube B. The rotation cycles continue until
the desired thickness of InGaAs film is deposited. On the
other hand, GaAsP was grown with the same manner as that
of the InGaAs with the stream from tube B containing
TMG, AsH,;, and PH, and carrier hydrogen (750 sccm) was
passed through tube A.

Figure 2 shows the growth rate of InGaAs and GaAsP
grown at 630 °C as a function of the exposure time per rota-
tion and vertical bars present the thickness variations across
the substrate in the radial direction. The growth rate is nor-
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malized to 1 min, e.g., the growth rate at 1-s exposure per
rotation means the thickness of the epilayer with 60 rota-
tions of 1-s exposure each. As the exposure time was de-
creased (rotation speed increased), the growth rate in-
creased for both InGaAs and GaAsP. This growth rate
enhancement in the faster rotation regime is probably due to
the effective reduction of the gascous diffusion bouvi:dary
layer. This results in an increase in the flux density of Ga and
In species at the substrate surface. Moreover, the reactunt
products such as CH, and C,H,, which might cause a reduc-
tion of the growth rate'® were wiped out by the rotation of
the susceptor before they build up over the substrate.

The effect of the dead volume existing between the suh.
strate surface and top part of the susceptor ( < Smilsor 127
pm) on the growth rate enhancement in the shorter expo-
sure regime was estimated assuming that ail of the TMG
trapped in this dead volume (1.5X 1.5 0.0127 cm') con-
tributes to the growth. The calculated extra thickness of the
epilayer was 0.023 A per growth cycle, while the observed
growth rate enhancement was approximately 300 A/min at
the shortest exposure time (200 turns with 0.3 s exposure) ax
shown in Fig. 2. Therefore, the dead volume effect on the
growth rate enhancement is approximately 1.53%%, which is
small enough to be negligible.

Compositional changes have also been observed fou
both In,Ga, _ ,As and GaAs, P, with shorter exposure
times as shown in Fig. 3. Again, the vertical bars preseis
compositional variations across the substrate in the radial
direction. For In,Ga, _  As, this compositional enhance-
ment may be mainly due to the variation of the flux densite
ratio of In and Ga (Jy,, /Jg, ) at the substrate surface due to
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FIG. 3. Composition (x,p) of In,Ga, __ ,As and GaAs, P, asa lunction
of the exposure time per rotation. Compositional enhancements have been
observed for both InGaAs and GaAsP in the faster rotation regime.

the reduction of the boundary layer thickness. At the growth
temperature, 630 °C, both TMG and TEI molecules decom-
pose'!12 as they diffuse through the boundary layer toward
the substrate. Since heavier molecules (TEI>TMG,
In > Ga) diffuse more slowly, the flux density ratio, J,, /Jg,,
at the substrate will increase as the thickness of the boundary
layer is decreased. As a result, the solid composition x is
increased in the shorter exposure regime. In addition, the
gas-phase reaction between TEI and AsH, that can take
place in the gaseous diffusion boundary layer is reduced in
the shorter exposure regime. The growth of InGaAs by
atomic layer epitaxy (ALE) in which the TEI and AsH, are
separated during the growth showed a similar enhancement
of the solid composition (x)."

However, the compositional change is more significant
for GaAs, _ P, as shown in Fig. 3 and cannot be explained
based on the molecular weight of AsH, and PH,. In order to
investigate this dramatic change, GaAsP films have been
grown at various substrate temperatures. Figure 4 shows the
solid composition (y) as a function of the growth tempera-
ture for MSE and several conventional MOCVD-grown
GaAsP by us and others.!*'> Partial pressure ratio
(Ppy,/ Py, ) for all the grown films is unity except for Ref.
14 where the ratio is 0.92. The three different sets of conven-
tional MOCVD growths exhibited a similar linearity, where-
as MSE-grown samples showed a larger slope than others.
This indicates that the MSE has a higher efficiency for incor-
porating phosphorus. In MSE, the solid composition (3}
reached nearly 50% at 650 °C. Since the solid composition
() is controlled by the PH;/AsH, thermal cracking ra-
tio,'®'” this suggests that PH, was nearly 100% decomposed
at the substrate surface at 650 °C, assuming complete de-
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composition of AsHj; at the substrate surface. Although the
reasons for such a dramatic enhancement of the solid com-
position (y) by MSE has not been clearly understood, this
effect may be related to the enhancement in the cracking
efficiency of PH, by catalyzation at the GaAsP growing sur-
face. This can be expected from the result of complete pyro-
lysis of PH, with powdered GaP at 600 °C.'” Another possi-
ble mechanism for the enhancement of the solid composition
(») is the contribution of the gas phase in the overall decom-
position of the AsH; and PH, molecules. Both AsH, and
PH, will decompose (or partially decompose) ecither ther-
mally or catalytically at the substrate surface. Based on sev-
eral experimental results of the AsH, pyrolysis,'"'* it is ex-
pected that AsH, is nearly 100% cracked in the gas phase
above 600 °Cin the presence of TMG. However, the thermal
cracking of PH, in the gas phase may not be as efficient as
AsH, at this temperature. Therefore, as the thickness of the
boundary layer is decreased, the P/As ratio at the substrate
surface will be increased either by allowing more PH, crack-
ing due to the surface catalytic reaction or by the reduction
of AsH; decomposition in the thermal boundary layer. A
combination of both these effects is also possible. Conse-
quently, the solid composition (y) is enhanced by allowing
the surface reactions to play a more dominant role than the
decomposition taking place in the gas phase. It may be also
possible that at shorter exposure times the substrate surface
has less time to cool in the gas stream (than at higher expo-
sure) and therefore the average temperature is higher, allow-
ing more P incorporation.

It should be pointed out that the enhancements in
growth rate and composition were observed when the expo-
sure time was less than 2 s. This suggests that the boundars
layer is established in the MSE system within 2 s after the
exposure of the substrate to the stream of reactant gases. It
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] should also be noted that the composition (y) of the MSE-
30 grown samples decrcased at even higher temperature (>
“;“ 650°C). This is probably due to the desorption of plno§-
kX phorus from the substrate during the rotation cycle when it :
::‘ is covered by the fixed part of the susceptor without phos-
,;! phorus overpressure. In fact, above 650 °C the MSE-grown
samples showed hazy surfaces which may be attributed to
e loss of phosphorus.
it
i MSE GROWTH OF InGaAs/GaAsP SLSs
’,:2 The In,Ga, _,As/GaAs, _ P, SLS were also grown
M by MSE on Cr-doped (100) GaAs at 630 °C. The GaAs sub-
iy strate was exposed to the tube A stream containing g
Q:. TMG(—13°C) =3 scem, TEI(20°C) =65 sccm, '
::: AsH; = 15 sccm, and to the tube B stream containing i
;:.! TMG( —13°C) =3 sccm, AsH,; =15 sccm, PH, =60
;,:‘ sccm, alternately. The mole fraction of the reactant species
! was adjusted to allow the growth of a SLS withx = 12% and
" ¥ = 23%. These values of x and y allow the lattice constants
l:»' of the SLSs parallel to the grown layer to match that of the X
',:: GaAs substrate. The exposure time for each reactant gas ‘
:.0 stream was varied from 0.5 to 10.3 s with equal exposure \
):, times. The mole fractions in the gas phase were adjusted, :
* cspecially for short exposure times, to give y=2x. The tran-
X sition time from one stream to the other is about 1.5 s.
::. The SLSs were characterized by x ray, transmission
:.: electron microscopy (TEM), and photoluminescence (PL). |
.:| Table I summarizes the growth conditions and structures of
;|: the SLSs. The period of the SLSs was determined from the 2 ‘
. separation of x-ray diffraction satellite peaks (samplesa, b, ()
o and c) and from high-resolution TEM images (samplesc,d,  piG. 5. High-resolution TEM images of the MSE-grown ultrathim
.:.' and e). Figure 5 shows bright-field cross-sectional TEM im-  InGaAs/GaAsP SLS. (a) 25-A period, 1.3-s cxposure. (b) 16-A perind.
‘;n". ages of the samples ““d” and “e”. Unifoim periodic layered ~ 0.5-s exposure.
e structures with layer thicknesses of 12 A [Fig. 5 (a), 1.3-s
:. exposure] and 8 A [Fig. 5 (b), 0.5-s exposure]} have been
observed. To the best of our knowledge, the 8-A InGaAsand duce multilayered structures with precisely controlied thick-
.- GaAsP ]ayers are among the thinnest films ever grown ina nesses by simply Chﬂllgi:lg the exposure time to the strenm ol
:\ super]attice with a]ternating ]ayers having As and P com- reactant gases. The 16-A pCl'.i()d with ().5-s cxp()Slll'(t.ls \h};hl»
3 pounds.'® These structures composed of both As and P are Iy thicker than the value given by the extrapolation fron )
b difficult structures to synthesize with an abrupt interface'’ other measurements due to the growth rate enhancement as
0 since AsH, and PH, cracking temperatures are relatively ~ discussed previously. )
d high. Photoluminescence (PL) measurements were pot-
The period of the SLSs as a function of the exposure time formed at 77 K. An Ar-ion laser (/4 == S145 A) was nised o
:' is shown in Fig. 6. Excellent linearity has been obtained up to an excitation source with excitation power density ranging
W% 25-A periods. This demonstrates the ability of MSE to pro- from 100 to 500 W/cm?. Each sample showed a strong, sin- W
y gle, sharp peak corresponding to the transition between the i
B first electron (n = 1) and heavy-hale band. Figure 7 shows 3
TABLE 1. Growth conditions and structures of In,,,Ga,,, As/ the PL peak gnergy as a function Ol‘.lhc pClji“d of the 81 = .
- GaAsy 1, Py 22 SLSs. TMG ( — 13°C) = 3 sccm, TEI (20°C) = 65 scem, As the well width (InGaAs layer thickness) was decrensed,
:l: AsH, (10% in H;) = 15 sccm, PH, (5% in H,) = 60 sccm, growth tem- the PL peaks shifted toward the higher energy duc 1o the )
':‘“ perature = 630°C. quantum size effect. The solid line shows the effective band )
- ap of the Iny ,, Gagy gs As/GaAs,, .- U, oy SLS caleubated s
" Run l:‘,’:np:s(‘;';e N;:r'm:r P(e:\“;d enz;;,”&‘;” ';mvf 1gn§ the stra(i)r;finduced band-gap shift and the mediied
N Kronig~Penney model. The vertical bars present the vart-
a 103 o 183 1.40 134 ation in peak energy across the samples in the radil Juece- 1
L4 b 33 120 % 1.42 5.3 tion. PL results shown in Fig. 7 correspond ta measuyeime s b
& c 28 200 52 1.48 12.0 o §. reorrespor eas 4
o d 1.3 400 25 1.46 24.0 made at the position of the substrate shown in the e N
D ¢ 0.5 800 16 1.49 15.6 Although the uniformity across the samples needs to be 1 \
‘:: proved, full width at half-maximums (FWHMs) of ihe Pl
s 5101 J. Appl. Phys., Vol. 63, No. 10, 15 May 1988 T. Katsuyama and S M Bedar ARl ‘
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FIG. 6. Period of the SLSs as a function of the exposure time. A excellent
linearity has been obtained up to 25 A periods. Due to the growth rate en-
hancement in the faster rotation regime, the sample grown with 0.5-s cxpo-
sure is slightly thicker than the value given by the extrapolation.

spectra (12-24 meV) indicate that these SLSs grown by
MSE are of comparable optical quality to those obtained by
GSMBE (Ref. 6) and CBE.?® For example, the FWHM of
InGaAs/GaAsP SLS at 77 K is about the same as that ob-
tained by GSMBE at 6 K for the InGaAsP/InP superlattice
structure with 80-A wells.® Also, the 8-A InGaAs quantum
wells in the InGaAs/GaAsP SLS have comparable PL prop-

T1T:=77K
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L
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[
¢
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. I
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- !

1.40 |

1.35

0 50 100 150 200

Period (&)

FIG. 7. Photoluminescence peak energy as a function of the period of the
SLSs. PL peak shifted toward higher energy with decreasing the period of
the SLSs due 1o the quantum size effect. Solid line shows the calculated
effective band gap of Ing, |, Gag ¢y As/GaAs, 5, Py 53 SLS using the modified
Kroning-Penney model and strain-induced band-gap shift.
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erties to those obtained by low-pressure MOCVD (Ref 1X)
and CBE (Ref. 20) at 2 K for an InGaAs/Inl sigle quan
tum well.

One of the main concerns of this MSE system 1s the
diffusion of gases from one side of the growth chamber to the
other. Although a large flow of hydrogen provided from the
center tube of the growth chamber helps to prevent this cross
diffusion, it is important to know the degree of cross difTu-
sion taking place during the growth of the SV.Ss. A cross-
diffusion test has been carried out by growing GaAs/GaAsP
multilayer structures in the same manner as the InGaAs/
GaAsP SLSs. The multilayer structures consist of ten per-
iods of 400-A GaAs (40-s exposure) and 100-A GaAsP ( 10-
s exposure). In this structure, the GaAs lavers are thick
enough to eliminate the quantum size cficet and the GaAsP
layers are thin enough to accommadate lattice mismatch
Therefore, the degree of cross diffusion can be estimated by
the shift in the PL spectral energy peak from the GaAs band
gap which relates to the incorporation of P in the GaAs lay -
ers. Two PH; flowrates (30 and 100 <cem) were used for the
cross-diffusion test. The result of the cross-diftusion test in
dicates that approximately 27 P, cross diffusion takes
place in the MSE system. However, it should be noted thai
PH, creates a worst-case test because the decomposition
temperature of PH  is higher than that of AsH, and other
organometallic sources. Indeed, the realization of GaAs
ALE in the same system has confirmed that the cross diffu-
sion of the TMG and AsH ; is small enough to be negligible. ™!
Further improvement can be expected with a better suscep-
tor and growth chamber design combined with operation at
low pressure.

SUMMARY

MSE growth has been investigated. This technique has
demonstrated that the boundary layer plays an important
role in the CVD growth process and also showed the ability
to produce high-quality ultrathin layers with precisely con-
trolled thicknesses. In Ga, _, As and GaAs, P, were
grown on GaAs by MSE. Enhancement of the growth rate
was observed for both InGaAs and GaAsP i the faster rota-
tion regime due to the significant reduction of the boundary
laver. The enhancement of the solid composition (x and y)
was also observed in the faster rotation regime. These effects
may be attributed to the variation of the flux density ratio
(J1n/Jsa ) at the substrate surface for InGaAs and the in-
crease of cracking efficiency of PH , due to the catalytic reac-
tion at the GaAsP growing surface, or the reduction of the
gas-phase reaction of AsH, in the thermal boundary layer. A
series of InGaAs/GaAsP SLSs were also grown by MSE. An
excellent linearity in the relation between the eaposure tinme
and the SLS period revealed the ability of MSE to synthesize
multilayered structures with precisely controlled thick-
nesses without gas switching. The 8-A InGuAs and GaAsP
layers are among the thinnest films cver synthesized in
superlattice with alternating layers composed of As and P
compounds. PL results indicate high optical quality and
abrupt interfaces that are comparable to those obtained by

GSMBE and CBE.
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£ - Single-crystal x-ray diffraction study of the InGaAs-GaAsP/GaAs 7
! superlattice system Yy
‘ B-L. Jiang,® F. Shimura, and G. A. Rozgonyi Ny
Department of Material Science and Engineering, North Carolina State University, Raleigh, North
Carolina 27695-7916 ]
N. Hamaguchi and S. M. Bedair 4
Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, North :.'
: Carolina 27695-7911
: (Received 14 December 1987; accepted for publication 12 February 1988) )
Single-crystal x-ray rocking curve and transmission imaging topography techniques have been 3
K used for the characterization of InGaAs-GaAsP strained-layer superlattices (SLS’s), which i
’: are lattice matched to GaAs substrates. The thicknesses of the SLS's and strains, {¢') and (€'}, __‘:
were readily determined nondestructively by analyzing the rocking curves obtained with ~
! Cu KB, radiation. These quantitative data were combined with the qualitative defect imaging
: results of x-ray topography to determine the critical intrinsic SLS thickness f;s, ( = P, (€').)
that dominates the generation of misfit dislocations. It was estimated for the InGaAs-GaAsP )
' SLS on a GaAs substrate as 1.05% 1073 & < 1,5, < 1.56X 1073 A, &
) '
]
] Strained-layer superlattice (SLS) structures' havebeen  transmission XRT. All substrates were (100), off oriented 2° Y
proposed as a buffer layer that can provide a filter to provide ~ towards (110). Details of the growth conditions have been ‘:
low defect density GaAs homo- or heteroepitaxial layers. previously reported.’ The nominal structural parameters for b
) The SLS consists of alternating ternary layers whose lattice ~ samples A-D, which were grown in different runs, are listed -3
: parameters are significantly different from that of the GaAs  in Table L i
. substrate. The layers can be thin enough to ensure that the The x-ray rocking curves were obtained by using g, )
lattice mismatch is entirely accommodated by elastically symmetric diffraction vectors, and g,,, and gs,, asymmetric K

K straining the layers without generation of misfit dislocations;
however, the interfacial stress turns aside threading disloca-
tions propagating up from the substrate.?* Bedair ef al.used
\ a metalorganic chemical vapor deposition (MOCVD) tech-
nique to deposit In, Ga, _, As-GaAs, _ P, superlattice lay-
p ers that were lattice matched to the GaAs substrate when
S » = 2x.* They reported that GaAs epitaxial layers grown on
' the InGaAs-GaAsP superlattice buffer layers showed a dis-
X location density lower by at least an order of magnitude than
, that obtained from epitaxial layers grown directly on GaAs
substrates.’ In this letter we present two single-crystal x-ray
diffraction techniques that use Cu KB, and K a, radiation
sequentially to obtain the rocking curves (XRC) and topo-
graphy (XRT) of SLS structures, respectively. It is demon-
‘ strated that the x-ray rocking curves can rapidly and quanti-
N tatively characterize such structural parameters as the SLS
period and average layer strains, both parallel and perpen-
. dicular to the surface, generated at the SLS interfaces. Quali-
;- tative defect images are then obtained by using composi-
tional and transmissicn x-ray topography to delineate
- dislocations separately in the substrate and SLS layers. Fin-
y ally, a parameter that yields an intrinsic critical thickness of
SLS for generation of misfit dislocations is proposed.
) Thirty-period In,Ga, _,As-GaAs, ,P, SLS layers
. were grown by MOCVD at atmospheric pressure in a verti-
cal reactor. Two different GaAs substrates grown by the
horizontal Bridgman method were used: one Cr doped and
the other Zn doped. The dislocation densities of these crys-
tals were on the order of 10°-10*/cm?, as determined by

* Visiting from Department of Material Physics, Beijing University of Iron
and Steel Technology, Beijing, People’s Republic of China.
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reflections by using Cu Kf7, radiation. The primary incident
beam was collimated by a slit of 0.05 mm in width. In order
to observe defects induced in the samples, x-ray topographs
were obtained with a Lang camera with the use of Cu Xa,
radiation under the condition of anomalous transmission
with ut= 17. An intrinsic critical thickness of SLS for gener-
ation of misfit dislocations was estimated by the analyses of
both x-ray rocking curves and x-ray topography. Moreover,
compositional x-ray topography® clearly distinguished the
defects in the SLS from those in the substrate.

The Cu K, x-ray rocking curves obtained with the use
of the (400), (422), and (511) reflections consist of a main
peak from the GaAs substrate and periodic satellite peaks
from the SLS layers. Typical x-ray rocking curve profiles
obtained by using the (422) reflection for samples A, B, C,
and D are shownin Figs. 1(a), 1(b), 1(c), and 1(d), respec-
tively. The location of the SLS zeroth-order satellite peak
can be identified by measuring the absolute value of the an-
gular distance between the positive and negative first-order
satellite peaks, and dividing by two. For samples A and B,
the SLS zeroth-order satellite peak overlaps the substrate

TABLE I Nominal structure parameters for the
In,Ga, _,As-GaAs, _ P, superlattice samples.

Sample In/P = x/y (%) GaAs substrate Period of SLS (A}
A /14 Cr doped 300
B 7/14 Cr doped 300
C 1712 Si doped 300
D 712 Si doped nn
© 1988 American Institute of Physics 1258
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FIG. 1. X-ray rocking curves obtained with the use of Cu K3, (422) reflection. (a) Sample A, (b) sample B, (¢) sumple C, and (d) sample D

peak; it therefore follows that the SLS, as a whole, is cssen-
tially lattice matched with the substrate. However, consider-
able lattice mismatch is observed in samples C and D, as
shown in Figs. 1(c) and 1(d). Moreover, the difference in
the number of satellite peaks and their relative intensity pro-
files for the different order reflections for each sample can be
attributed to compositional fluctuations in the SLS.™*

The angular distance A6 between two neighboring satel-
lite peaks yields the periodic thickness of superlattice, Py, , as
follows”®:

P, = A |y, |/ABsin 26, (1)

where A is the wavelength of Cu K3, |7,,| the direction co-
sines of the diffracted beam, and 8 the Bragg angle of the
GaAs substrate. The superlattice period P, calculated by
using the (400), (422), and (511) reflection and the aver-
aged period P, for the semples are shown in Table 11. The
periods obtained from different reflections are in excellent
agreement with each other; however, it is found that the
actual SLS period deviates largely from the nominal one.

TABLE II. Results of x-ray diffraction analyses.

This deviation is attributable to unstable SIS growth cond:
tions.

If the SLS zeroth-order peak is displaced by an angt
AG, from the substrate peak, ¢.g.. asin Fig. 1(¢), the stra
at the SLS/substrate interface normal and parallel 1o i
surface can be calculated from the following cquations”

— Af, = K (') + K. (e").
K, =cos’ ¢tan @ + sin i cos 0, 02
K, = sin® ¢ tan @ — sin ¢ cos 0,

where (') and (') are the strains, averaged over the supe:
lattice period, perpendicular and parallet to the surface. 1.
spectively; ¥ is the angle between the reflection planes 4
the wafer surface. From Eq. (2) the symmetric reflect
240 Measures (€') only, while the asymmetric reflectio:
2,02 and g, measure both (¢') and (€' ). The eaperimenic
ly determined values of {¢') and (€'} abtained are listed
Table I, in which (") denotes the averaged stram o

Py (A)

Py, () (e (x10°% (&) Py (€D
Sample (400) (422) (51 (A (x107%) (422) (511) (%10 ) (%10 Ay MDY
A 250 257 258 255 3.6 —1.8 — 2.2 - 20 0.51 No
B 448 431 434 437 3.7 2.3 2.5 24 1.08 No"
C 57 347 353 352 I.4 -~ 5.6 — 74 — 6.5 229 Mam
D 404 376 390 2.1 —-40 . - 40 1.56 M
* 1.{D: Misfit dislocations observed by x-ray topography. o
®Some MD's were observed locally in the SLS, but not at the SLS/substrate interface.
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FIG. 2. X-ray topography with the use of Cu Ka, (220) diffraction for sam-
ple C. (MD, SD, and S denote misfit dislocations, substrate dislocations,
and a mechanical scratch, respectively).

(€") 42, and (€')s,,. The reason for positive (€'} observed in
sample B is unknown.

From x-ray topography with Cu Ka, radiation, misfit
dislocations were observed at the SLS/substrate interface of
samples C and D, as shown in Fig. 2 for sample C; however,
misfit dislocations were not detected in the XRT’s of sam-
ples A and B. In Fig. 2 the arrows MD-1 point to misfit
dislocations that lie in the SLS/substrate interface and are
aligned along the (110) directions (the contrast feature indi-
cated with the arrow S is due to a mechanical scratch on the
surface). Note that for each MD indicated, the source of
these misfit dislocations is associated with a substrate dislo-
cation (see arrows SD in Fig. 2). As mentioned above, no
extended misfit dislocations were observed at the SLS/sub-
strate interface of samples A and B; however, transmission
XRT and compositional XRT revealed some dislocations
locally distributed in the SLS of sample B. Figure 3 shows
the compositionally differentiated XRT for the (a) substrate
and (b) SLS of sample B. These images were obtained by
separately recording (422) reflections from the substrate
peak and the second-order (n = — 2) SLS satellite peak,
respectively. No defect contrast, except weak contrast that is
considered to be due to misfit dislocations running in the
SLS very close to the interface, is observed in the substrate
[Fig. 3(a)]. However, both threading and misfit disloca-
tions are found in the SLS. These defects observed in the SLS
of sample B may be related with its positive (&) shown in
Table I1.

This sequence of bending a substrate defect into the epi-
taxy interfacial plane and then extending the defect to the
edge of the wafer is precisely the goal of those workers who
desire the elimination of substrate defects using lattice mis-
fit. The challenge is, of course, to achieve this without intro-
ducing unwanted new dislocations, which thread up to the
wafer surface.

It is recognized that an elastic force from strain encrgy
existing at a misfit interface will act on a substrate disloca-
tion as it passes through a heteroepitaxial interface.' The
propagation direction of the dislocation can, therefore, be
changed so that the dislocation does not enter into the epi-
taxial layer. Rozgonyi et al.® have verified experimentally
this model by carefully controlling the layer thickness and
the laiiice parameter mismatch in growing heteroepitaxial
layers of GaAlAsP on GaAs substrates. Mathematically, the

1260 Appl. Phys. Lett., Vol. 52, No. 15, 11 April 1988
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FIG. 3. Compositional x-ray topographs with the usc of Cu Kf8, (422) dit-
fraction for sample B. (a) Substrate and (b) SLS.

misfit-induced elastic force F, acting on a dislocation has
been expressed for a single heteroepitaxial layer as

F, = Ktf, (D)

where 1 is the layer thickness, fis the layer/substrate misfit.
and KX is proportional to the Burgers vector.' For SLS the
misfit-induced elastic force can be proportional to the value
Ps, (). The calculated value of P, {&). which is referred
to as intrinsic strained thickness t ¢ hereafter, is given in Ta-
ble II for samples A-D.

According to the calculated values of Py, (€7) and the
images obtained with x-ray topography, the critical intrinsic
strained thickness ;5. ( = Py, (€'}, ). which dominates the
generation of misfit dislocation, can be estimated to be

1.05X 1074 A <15, < 1.56X 10 ‘A,

It is important to recognize that the parameter /,4, rather
than the simple thickness of SLS or heteroepitaxial Jayers,
can be the dominant factor in correlating the critical growth
conditions with the application of misfit dislocation gencra-
tion to the elimination of substrate defects.

In summary, single-crystal x-ray rocking curve and (o-
pography techniques using Cu Kf3, and Cu Ka, radiation,
respectively, have been used for the characterization of
InGaAs-GaAsP strained-layer superlattices on GaAs sub-
strates. The thickness of the SLS and strains (¢') and (€ )
were well determined by analyzing the rocking curves. Com-
bining the results of x-ray topography, the critical intrinsic
strained thickness t,5.( = P, (€"),) that dominates the
generation of misfit dislocation was determined for InGaAs-
GaAsP strained-layer superlattice/GaAs substrate systemn.

This work was supported by the Air Force Oftice of
Scientific Research and the Solar Energy Research Institute.
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Defect reduction in GaAs epitaxial layers using a GaAsP-InGaAs strained-

M. A. Tischler, T. Katsuyama, N. A. El-Masry, and S. M. Bedair
Electrical and Computer Engineering Department, Box 7911, North Carolina State Universily, Raleigh,

North Carolina 27695-7911

(Received 30 August 1984; accepted for publication 9 November 1984)

GaAsP-InGaAs strained-layer superlattices grown lattice matched to GaAs have been used to
reduce the density of threading dislocations originating from the GaAs substrate. GaAs epitaxial
layers grown on the GaAsP-InGaAs superlattice buffer layers showed a dislocation density lower
by at least an order of magnitude than that obtained from epitaxial layers grown directly on GaAs
substrates. Transmission electron microscopy showed that dislocations originating from the
GaAs substrate do not penetrate the GaAsP-InGaAs superlattice layers.

The recent advances in GaAs device and integrated cir-

cuit technology have stimulated the need for high quality,
uniform substrates. These are necessary to achieve uniform
circuit parameters and respectable yields. However, com-
pound semiconductor substrates typically have several types
of defects, such as dislocations, which can degrade the oper-
ation of devices and circuits. Typical substrates have disloca-
tion densities on the order of 10* cm~? and greater. Addi-
tionally the dislocation density is not uniform across the
wafer; for example, dislocations in liquid encapsulated
Czochralski (LEC) wafers usually have a W-shaped distribu-
tion, with larger densities at the edge and center of the wa-
fer.! These dislocations, as evidenced by etch pits, x-ray to-
pography, and transmission electron microscopy (TEM)
have been correlated to material parameters such as photo-
luminescence intensity,>* sheet carrier concentration, and
sheet resistance*® as well as device parameters including
leakage® and drain-source' currents, and threshold vol-
tage.”"'° Sheet carrier concentration directly tracks the dis-
location density while the sheet resistance is inversely pro-
portional to it.* Metal-semiconductor field-effect transistor
arrays across 2-in. LEC wafers show threshold voltage varia-
tions of about 400 mV [for ¥, (mean) = + 0.126 V] with
V.. becoming more negative as the dislocation density in-
creases.” LEC wafers typically have dislocation networks
which result in large variations in device parameters while
horizontal Bridgman (HB) wafers usually have more uni-
form dislocation densities.'' Defect density variations across
the boule can be another source of problems for GaAs tech-
nology. Thus, it is evident that the quality of the GaAs must
be improved to have a viable integrated circuit process.

One possible method for reducing defects is to improve
the bulk growth of GaAs. There have recently been reports'?
of HB, silicon-doped GaAs substrates with less than 200
dislocations cm ~ . This low density has not yet been realized
in LEC or Cr-doped material, which is required for GaAs
integrated circuits. The approach we have investigated is to
provide a low defect density epitaxial layer using a strained-
layer superlattice. This was first proposesd by Matthews and
Blakeslee'>'* who used the strain field in a GaAsP-GaAs
superlattice to turn aside dislocations propagating up from
the substrate. A superlattice is constructed of layers with
different lattice constants such that layers are alternately
under compression and tension. The layers are thinner than
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a maximum thickness such that the strain is accommodated
elastically, but greater than a minimum thickness required
for “bending over” the dislocations.'*-'* The dislocations
propagating up from the substrate encounter the strain field
and are bent over and forced to move laterally towards the
edge of the substrate. Note that the materials must have
enough lattice mismatch to generate the required strain. The
problem that arises with strained-superlattice structures
such as GaAs-InGaAs and GaAs-GaAsP is that they are
not, as a whole, lattice matched to the GaAs substrate or
epitaxial layer. Thus more dislocations are produced at these
interfaces. What is needed is a superlattice composed of two
materials having equal but opposite lattice mismatches, such
that the average lattice constant matches that of GaAs. We
have proposed a materials system, GaAs;_,P,-
In,Ga, _,As, which is lattice matched to GaAs when
x = 2p.'® Additional potential material systems are GaAsP-
GaAsSb, GaAsP-InGaAsSb,'” and Gags, , Inges _ « P-
Gags; — x INgs 4 x P. This allows a high quality GaAs layer
to be grown lattice matched on top of the superlattice buffer
{SLB) layer. There is also some evidence that a strained su-
perlattice may act as a gettering site for impurities out diffus-
ing from the substrate.'*'

Ten period SLB's were grown by metalorganic chemi-
cal vapor deposition at atmospheric pressure in a vertical
reactor. Gallium was supplied from a trimethylgallium
bubbler (0 °C) at a flow rate of 5 sccm. Indium was supplied
from a triethylindium bubbler {20 °C) at a flow rate of 200
sccm. AsH, and PH, (both 5% in H,), at flow rates of 40 and
60 sccm respectively, were used as the As and P sources.
Palladium diffused H, flowing at arate of 4/ /m served as the
carrier gas. The growth temperature was 630 °C. Four differ-
ent substrates were used; two silicon doped, one Cr-doped,
and one LEC (semi-insulating). All substrates were (100),
oriented 2° towards {110). Details of the calibration proce-
dure to produce the SLB lattice matched to GaAs have been
previously reported.'® For these experiments x(% P)~ 17%
and y(% In)—~8%. X-ray diffraction showed that the mis-
match between the SLB and the GaAs substrate is less than
0.1%. The thickness of each layer is between 100180 A; the
minimum and maximum thicknesses mentioned above are
calculated (for GaAsg g, Py 5 -Ingos Gage; As) to be on the
order of 100 and 300 A, respectively. GaAs epitaxial layers
were then simultaneously grown on the SLB and directly on

© 1985 American Institute of Physics 294
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TABLE 1. Results of etch pit density measurements.
Eteh pit density (em )
Run  Substrate i
SLB plus

Subitrate GaAsepilayer GaAs epilayer
A Cr -2 10! 1-8% 10 50
B Si ~ 10! - 10" 20
C S —6 - 10 -1 400
D SILEC -3 10! <4 10! ~0
E S 0.1 2.0 180

GaAs substrates for etch pit density (EPD) comparison. All
the GaAs epitaxial layers were about 2 um thick and they
had mirrorlike surfaces with no cross hatching. This indi-
cates the good lattice match between the SLB and GaAs.

Molten KOH at 330 °C was used to delineate the dislo-

cations. Table I shows the etch pit density of the substrates,
the GaAs epitaxial layers directly on the substrates, and the
GaAs epitaxial layers on the 10 period SLB layers. The etch
pit densities of the epitaxial samples were taken over an area
about 0.5 cm square. In addition to the five sets of samples in
Tabie I, EPD measurements were also made on five other
samples. These had 10-35 superlattice periods and GaAs
epitaxial layers 2—4 um thick. The EPD’s on these samples
varied from 200 to 500 cm 2. While EPD measurements are
statistical in nature, and somewhat variable across a sample,
we have consistently seen EPD’s in epitaxial layers directly
on GaAs substrates in the thousands per square cm range,
while the SLB reduces the EPD to the hundreds per square
cm range. [t should be noted that this type of approach can
only reduce dislocations threading up from the substrate.
Dislocations produced by vacancies, interstitials, etc. within
the epitaxial layer may still be present.

Transmission electron microscopy (TEM) was also
done on several of the epitaxial layers on a SLB. The TEM
samples were prepared by lapping and ion milling two pieces
bonded together face to face. They are viewed in cross sec-
ticn, with the electron beam parallel to the (110) zone axis.
Figure 1(a) shows a TEM cross section for a 10-period
GaAsP-InGaAs SLB indicating the uniform thickness of the
two ternary alloys. The period of the superlattice in Fig. 1(a)
is about 230 A. Figure 1{b) shows a threading dislocation
which started in the GaAs substrate and does not penetrate
the SLB. The SLB is delineated by the arrows. The diffrac-
tion conditions for these micrographs are not optimized for
the simultaneous observation of the SLB layers and the dis-
location lines. Additionally, the low dislocation density
makes it quite difficult to find a dislocation using TEM.
These micrographs are the results from several trials. Figure
1{c) shows another TEM cross section in which a threading
dislocation does not penetrate the SLB. These TEM micro-
graphs are another demonstration that threading disloca-
tions which start in the substrate may not penetrate the SLB.
It is not clear at this stage how many periods are required to
eliminate these threading dislocations.

In conclusion, strained superlattice bnffer layers have
been grown with an average lattice constar.t equal to that of
GaAs, as shown by the x-ray diffraction data. Epitaxial
GaAs layers grown on these SLB's show significantly
smaller dislocation densities than simultaneously grown lay-
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FIG. 1.(a} TEM micrograph of GalnAs-GaAsP superlattice. (b) TEM mi-
crograph showing a threading dislocation which does not penetrate the
SLB. The substrate is on the left side of the SLB. (c) TEM micrograph show-
ing a threading dislocation which does not penetrate the SLB. The substrate
is on the right side of the SLB.

ers directly on GaAs substrates. TEM studies show that
threading dislocations which start in the GaAs substrate do
not penetrate the SLB layer. It is expected that devices and
circuits fabricated in epitaxial layers on top of SLB’s will
exhibit less variation in electrical parameters than those fab-
ricated directly on a GaAs substrate.
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Atomic layer epitaxy of {lI-V binary compounds i
S. M. Bedair, M. A. Tischler, T. Katsuyama, and N. A. El-Masry o
Electrical and Computer Engineering Department, Box 7911, North Carolina State University, Raleigh, "::!
North Carolina 27695-7911 Yy
(Received 20 March 1985; accepted for publication 17 April 1985) i
Atomic layer epitaxy (ALE) of III-V semiconductors is reported for the first time using s
metalorganic and hydride sources. This is achieved by using a new growth chamber and susceptor X :l
design which incorporates a shuttering mechanism to allow successive exposure to streams of ‘ ::
i gases from the two sources. Also, most of the gaseous boundary layer is sheared off after exposure \:
to the gas streams. GaAs and AlAs deposited by ALE are single crystal and show good optical hy o

properties.

The recent interest in high electron mobility transistors layer. The atomic layer epitaxy (ALE) of I1I-V compounds

(HEMT's), superlattices, and quantum well structures and could be achieved using either MBE or MOCVD. In the case j}&
devices has required improvements in the ability to produce of MBE, the shutters are assumed to allow the exposure of ﬂ'&
‘ thin layers and abrupt interfaces. Both molecular beam epi- the substrate to either column I1I or V beams independently. A
taxy (MBE) and, to a lesser extent, metalorganic chemical In the case of MOCVD, an analogous shuttering mechanism v
vapor deposition (MOCVD) have made impressive advances would be used. .O:f
in this respect and yet both are limited by operating in a We report for the first time the successful atomic layer ‘:‘:
“bulk” growth regime. The ultimate control of the growthof  epitaxy of GaAs and AlAs by MOCVD. This technique can l':‘
I11-V compounds would be achieved by the deposition of one also be used to investigate the MOCVD growth mechanism l::'
monolayer of column I1I atoms followed by a monolayer of and will be reported on at a later date. The growth chamber ~ X
column V atoms. This process would then be repeated until is schematically shown in Fig. 1. For the growth of GaAs, L
the desired thickness has been reached. The total layer thick- AsH, + H, and trimethylgallium (TMG)+ H, flow .'l:".
ness could be controlled very accurately since each cycle of through the inlet tubes 4 and B, respectively. A large flow of '.',‘::
exposures would result in the growth of a known thickness. H, in the middle tube (C ) is designed to prevent mixing of the o"..-
The interfaces, in principle, would be atomically abrupt gases from tubes A and B. The rf heated susceptor is made of :n:‘
since the reactant fluxes could be changed within one atomic graphite coated with silicon carbide, and consists of several ‘ \
51 Appl. Phys. Lett. 47 (1). 1 July 1985 0003-6951/85/130051-03$01.00 © 1985 American Institute of Physics 51 ‘;’
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FIG. 1. Schematic diagram of the growth chamber and susceptor for ALE.
The susceptor consists of a fixed part F, a rotating part R, and a recess in
part R which holds the substrate. Inlet tubes 4 and B provide the reactant
gases. A large H, flow in tube C helps prevent mixing of the gases from tubes
Aand B.

parts. Fixed part F has two windows aligned to face the inlet
tubes A and B. The substrate sits in a recess in the rotating
part R and can be positioned under the windows of the fixed
part F, thus facing either the column 111 or V input flux. The
position of the substrate is controlled through a rotating
feedthrough at the base of the growth chamber. The recess in
part R and the thickness of the substrate are chosen to allow
minimum clearance between the substrate surface and the
fixed part of the susceptor. When the substrate is exposed to
the stream of column III species from inlet B, a boundary
layer will build up on the substrate surface. When the sub-
strate is rotated away from this position, most of the bound-
ary layer will be sheared off by the fixed part F, allowing an
almost immediate termination of exposure of the substrate
to the input flux. Additionally, the initial substrate exposure
to the column III flux will take place almost without the
presence of any gaseous boundary layer (made up of
H, + AsH; in this case). The above arguments can also be
applied when the substrate is moved under tube 4 and ex-
posed to AsH,. Thus, for a short exposure time, it is possible
that the adsorption process is controlled by surface kinetics
rather than diffusion of the reactant species through a
boundary layer, as is always the case in conventional
MOCVD growth.!

This technique was used to deposit GaAs and AlAs. In
the case of GaAs, AsH, (5% in H,) + 500 sccm of H, and
trimethylgallium (TMG) + 500 sccm of H, flowed through
tubes 4 and B, respectively. The flow of H, through the
TMG bubbler and the temperature of the bubbler were set to
0.5 sccm and — 15 °C respectively which are the minimum
values available in our system. The flow of AsH, was 10
sccm. Three liters per minute of H, flowed through the cen-
ter tube (C) to prevent mixing. The substrate temperature
was in the range of 560-600 °C. All substrates were n-type
GaAs, (100), oriented 2° towards (110). The growth process
starts by heating the substrate under AsH, (tube 4 ) for a few
minutes. The substrate is then exposed to the TMG (tube B )
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for 1 s and then moved back under the AsH;, for 5 s. On¢
complete cycle was performe. in about 10 s. All growth:
consisted of 100 cycles. Tlir exposure time to AsH, is no:
critical since excess As atoms will evaporate aimost immedi-
ately. The sticking probability of As on GaAs covered witl
Ga is very close to unity.? After the first monolayer of As i:
adsorbed, its sticking probability reduces to almost zero. The
growth of AlAs was carried out in an analogous manne:
using trimethylaluminum (TMA) at 9 °C and a flow of H.
through the bubbler of 2.5 sccm.

The ALE samples of GaAs were characterized by pho-
toluminescence (PL) at 77 K. Two types of samples were
grown. One consisted of 100 cycles of GaAs grown by ALE
on a 3-um-thick InGaAs-GaAsP superlattice grown by con-
ventional MOCVD.? The superlattice is lattice matched tc
GaAs and has an effective band gap of about 1.3 V. The
second type of sample consisted of a 2-um-thick
GraAs0 97 Poo3 layer, 100 cycles of GaAs by ALE, and a 300-
500-A GaAsgg; Poos cap. The GaAsyg,; Poo; layers were
grown by conventional MOCVD. This was achieved by add-
ing a second TMG and PH" sources to line 4. The superlat-
tice and the thick GaAsyq; Pog, layer prevented photolu- °
minescence from the GaAs substrate from interfering with
the signal from the ALE GaAs layer. The cap layer facilitat-
ed cross-sectional thickness measurements.

Figure 2 shows the PL spectra of the latter type of sam-
ple with 100 cycles of ALE GaAs. The GaAs peak is clearly
evident and has a full width at half-maximum of about 11
meV indicating the good quality of the GaAs grown by ALE.
The small peak is from the GaAsg g; Py, layer. The former
type of sample also showed a GaAs peak. The AlAs samples
consisted of 2 um of GaAs, 100 cycles of AlAs, and a 1000-A
GaAs cap. The GaAs in this case was also grown by conven-
tional MOCVD.

Figure 3 shows the surface of a GaAs layer grown by
ALE. All the deposited layers had mirrorlike surfaces
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FIG. 3. Photomicrograph of the surface of 100 cycles of GaAs grown by
ALE.

Transmission electron microscope (TEM) samples were pre-
pared by lapping and ion milling two pieces which were
bonded together face to face. They were viewed in cross sec-
tion with the electron beam parallel to the (002} zone axis.
Diffraction studies by TEM indicated that the ALE growths
are single crystal. The GaAs layer is about 800 A thick as
measured by TEM. Figure 4 shows an AlAs sample angle
lapped at 1/3°. The dark line is the AlAs layer grown by
ALE. It is about 300 A thick.

The difference in thicknesses between ALE GaAs and
AlAs is a result of the flux of the column 111 species. Ideally,
100 cycles, each depositing one monolayer of column III and
one monolayer of column V species, would produce a layer
about 283 A thick. However, the minimum fluxes available
were system limited with the TMG flux several times larger
than the TMA flux. Additionally the minimum reproducible
exposure time was one second. Thus for ALE of GaAs,
about two to three monolayers of Ga were deposited on the
surface, whereas in the case of AlAs about one atomic layer
of Al was deposited. The use of triethylgallium, with its low-
er vapor pressure, should allow the deposition of single lay-
ers of gallium. The deposition of more than one monolayer is
not present in the ALE of II-VI compounds® due to the very
high vapor pressare of the species.

In order to make sure that conventional MOCVD
growth was not occurring from any mixing of gases in the
growth chamber, the following experiment was carried out.
The substrate was exposed to the TMG stream for 3 min
while the AsH; and center H, lines were flowing as described
above. The deposited film had a dull surface and could be
wiped off by a cotton swab. PL on this layer deposited on a
superlattice substrate showed only a very weak GaAs peak.
The corresponding experiment with a superlattice substrate
exposed only to AsH; with the TMG and center H, lines
flowing showed no GaAs PL peak. Thus, the amount of mix-
ing is quite small and is not expected to play a significant role
in the ALE process.

The ALE method gives more insight into the MOCVD
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FIG. 4. Photomicrograph of 100 cycles of AlAs grown by ALE sandwiched
between layers of GaAs, and angle lapped at 1/3°.

process. Several models for the deposition mechanism have
been: proposed. For example, one model proposed that the
metalorganic molecule and the hydride adsorb on separate
surface sites, followed by the formation of intermediate com-
plexes and then the desorption of methane.® Another model
showed that intermediate complex formation takes place in
the gas phase.® It was also proposed that complete reaction
in the gas phase takes place followed by the successive diffu-
sion of small GaAs clusters towards the surface.” However,
the result of the current experiment clearly indicates that
MOCVD can also take place through independent deposi-
tion of Ga and As species.

In conclusion, ALE of GaAs and AlAs has been dem-
onstrated by MOCVD for the first time. This has been ac-
complished by using a new design for the growth chamber
and susceptor. The susceptor incorporates a shuttering ac-
tion which allows the substrate to be sequentially exposed to
different gas streams and also shears off most of the bound-
ary layer which builds up during exposure. The current re-
sults also indicate that the growth by MOCVD takes place
through the independent deposition of both Ga and As spe-
cies. We believe that atomic layer epitaxy will be useful for
growing structures and devices requiring very well con-
trolled thicknesses and/or very abrupt interfaces. Addition-
ally, ALE may provide a vehicle for investigating fundamen-
tal aspects of compound semiconductor growth.

This work was supported by Army Office of Research
and Air Force Office of Scientific Research.
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M. A. Tischler and S. M. Bedair

¢ Self-limiting mechanism in the atomic layer epitaxy of GaAs

Electrical and Computer Engineering Department, North Carolina State University, Raleigh,

North Carolina 27695-7911

(Received 20 May 1985; accepted for publication 18 April 1986)

A self-limiting mechanism has been observed in the atomic layer epitaxy (ALE) of GaAs
deposited by alternate exposure to AsH, and trimethylgallium (TMG). The thickness of the
deposited film was found to be independent of the mole fractions of both TMG and AsH, in the
gas phase. These results will allow the use of ALE to deposit I11-V compounds with growth rates
which are insensitive to the input partial pressures of the reactive gases.

Atomic layer epitaxy (ALE) of I1I-V compounds offers
a new approach for the synthesis of these material systems.
The crystal structure of GaAs, for example, grown by ALE
is built by the deposition of alternate layers of Ga and As.
ALE can be used as a means to accurately control layer
thickness and obtain abrupt interfaces, potentially within
one atomic layer. ALE can also be a basis for studying the
deposition mechanism of 1II-V compounds, where in this
case column III and V elements are not deposited simulta-
neously. ALE using molecular beam epitaxy (MBE) can
develop more understanding of the residence time of the spe-
cies,! the cracking efficiency of column V molecules,” and
the incorporation of atoms at their lattice sites. In the case of
metalorganic chemical vapor deposition (MOCVD), ALE
can help in understanding the cracking mechanism of alkyl
and hydride molecules and the effect of the gaseous bound-
ary layer on the growth process.’

ALE has been previously reported for II-VI* and 1II-
V3-7 compounds. ALE of I1-VI compounds relies on the fair-
ly high vapor pressure of the constituent elements. This will
allow only one chemically adsorbed monolayer to remain on
the substrate surface at the growth temperature irrespective
of the number of layers that were initially deposited.* This
self-limiting mechanism will guarantee that the epitaxial lay-

TMG fluxes from different inlet tubes as indicated. The sub-
stratesitsin a recess in the rotating part (R) of the susceptor.
The gases flow through two windows in the fixed top part
(F) and through two corresponding holes in the base of the
susceptor as shown in Fig. 2. The fixed top part also acts to
shear off most of the gaseous boundary layer between succes-
sive exposures. Thus, the gases flow unimpeded through the
susceptor except when the substrate cuts through the
streams. This acts to prevent the formation of a gaseous
boundary layer over the rotating part of the susceptor which
holds the substrate. The clearance between the surface of the
substrate and the top piece is several mils to avoid scratching
the substrate. The amount of TMG or AsH, trapped in this
small volume, which could be transferred to the AsH, or
TMG side respectively, is, in the current experiment, only
enough to deposit less than 1/10 of a monolayer per cycle
and thus cannot account for the observed growth. The H,
carrier gas flows for TMG ( — 13 °C) and AsH, (5% in H,)
were 500 sccm each and the H, flow in the center tube was
5000 sccm. A graphite wedge just below the center inlet tube,
in conjunction with the H, flow through that tube, acts to

AsHg + Hy Hgy TMG + Hy
eris built up by the deposition of a sequence of monolayers of
column II and then VI elements. The conditions are quite l
different in the case of III-V compounds since the vapor Windows

pressure of most column III elements is fairly low at the
deposition temperature. In this case the self-limiting mecha-
nism that relies on the re-evaporation of excess atoms or
molecules may not apply. ALE of III-V compounds is ex-
pected to require precise control of the column I11 flux, oth-
erwise, excess amounts will deposit and ball and will result in
poor surface morphology. There is no equivalent problem
for the case of column V elements such as As or P because of
their fairly high vapor pressures. Sb may be an exception due
to its relatively lower vapor pressure. In this letter we report
on our findings that a self-limiting mechanism is also taking
place in the ALE of GaAs by MOCVD. This self-limiting
mechanism may be related to the process of decomposition
of trimethylgallium (TMG) on the substrate surface and in
the thermal boundary layer.

The experimental setup for the ALE of GaAs using
TMG and AsH, has been previously described® and a sche-
matic of the growth system is shown in Fig. 1. Growth pro-
ceeds by alternately exposing the substrate to the AsH, and
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FIG. 1. Schematic diagram of the growth chamber and susceptor for ALE.
The susceptor consists of a fixed part F, a rotating part R, and a recess in
part R which holds the substrate. The left and right inlet tubes provide the
AsH, and TMG, respectively. A graphite wedge in conjunction with a large
H, flow from the center tube helps prevent mixing of AsH, and TMG.
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FIG. 2. Schematic diagram of the susceptor showing holes in the base of the
susceptor through which the input gases flow. The rotating part of the sus-
ceptor containing the substrate cuts through these gas streams.

separate the AsH, and TMG gas streams. The AsH; flow
was 25 sccm and the substrate temperature was 630 °C.

The inside diameters of the growth chamber and inlet
tubes are 95 and 10 mm, respectively. The substrate is about
2 cm below the top of the growth chamber. The cross-sec-
tional area of the gas stream at the substrate is not well
known, and thus the exact flux impinging on the substrate is
difficult to calculate. However, the total gas flow in each
inlet tube was kept constant throughout these experiments
resulting in a constant cross-sectional arca at the substrate.
Therefore, the flux at the substrate is proportional to the
mole fraction of each species in the gas phase.

The substrate was rotated continuously using a stepping
motor and one complete exposure cycle was performed in
2.6s. This results in equal exposure times of about 0.3 s each
to the AsH, and TMG gas streams. A standard growth run
in this study consists of 1200 cycles. The thickness of the
deposited ALE film was determineu trom cleaved cross sec-
tions using optical and transmission electron microscopy
(TEM).

The as-grown GaAs has a mirrorlike surface and is sin-
gle crystal as indicated from the TEM diffraction pattern
shown in Fig. 3. The thicknesses of the deposited ALE films
per growth cycle, for different TMG mole fractions in the

FIG. 3. Transmission electron diffraction pattern of GaAs grown by ALE.
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AsH, = 410 umoles/min; (*) T,,, = 630°C, AsH, = 410 umoles/min;
(x) T,w =700°C, AsH,=52 umoles/min. (111) substrate: (A)
T, = 630°C, AsH, = 52 umoles/min.

gas phase, are shown in Fig. 4. Only about one monolayer is
deposited per cycle with this being independent of the mole
fraction of TMG in the gas phase. The same results were
obtained for different growth temperatures in the range of
450-700 °C. Also, increasing the AsH, flow by about an or-
der of magnitude still resulted in the deposition of about one
atomic layer per cycle. Two GaAs substrate orientations
were used in this study, (1I1)B and (100), oriented 2°
towards (110). The deposition rate of about one monolayer
per cycle was observed for both of these orientations.

This experimental result cannot be related to the volume
of the trapped gas between the substrate surface and the top
piece of the susceptor. If growth resulted from these trapped
gases, the mole fraction of TMG in these gases and, thus, the
GaAs layer thickness, should be proportional to the TMG
mole fraction in the input gas phase. However, the results in
Fig. 4 show that this is not the case and these results can also
indicate that these trapped gases, if any, do not play a major
role in the ALE process.

It might also be possible that some minor cross conta-
mination from the AsH, side is responsible for the limiting
process. The amount of deposited Ga and thus the ALE film
thickness may be dependent on this AsH, flux irrespective of
the TMG flux. To investigate the effect of cross contamina-
tion on the ALE process, the following experiment was car-
ricd out. The AsH, was switched off after every substrate
exposure to the AsH, and enough time was allowed (20s) to
flush it out of the growth chamber before the substrate was
rotated to be exposed to the TMG flux. The deposited ALE
film in this case was found to be of the same quality as those
obtained when AsH, was kept on all the time, as indicated
from surface morphology and photoluminescence response.
Also, the thickness of the deposited ALE was about the same
as that shown in Fig. 4. Additionally, increasing the AsH,
flow, as mentioned previously, which should also increase
the amount of AsH, diffusing to the Ga side, resulted in a

M. A Tischler and S. M. Bedair 1682
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Similar growth rate. Thus, cross contamination does not
seem to play any significant role in the ALE process nor can
it be used to explain the above results.

The mechanism for this self-limiting action is not fully
understood; however, a possible explanation can be as fol-
lows. Since the thermal boundary layer s quite thin, the
TMG molecule may not decompose until it is close to, or on
the substrate surface. At this point, the TMG can acquire
enough thermal energy from the substrate to partially or
fully decompose or to re-evaporate undissociated. The exact
nature of the deposited Ga species is not known. At least a
coverage of one monolayer of chemically adsorbed mole-
cules on the GaAs substrate will take place. The cracking
efficiency of TMG on the GaAs surface (630°C) can be
fairly high’; however, when the GaAs surface is covered
with a monolayer of Ga species, the cracking efficiency or
the condensation coefficient of the additional TMG mole-
cules may then be very small. Thus, these additional TMG
molecules may re-evaporate before they have a chance to
decompose. This is consistent with the wide variation in the
value of the condensation coefficient of given species on dif-
ferent substrates.® More work is needed to verify the above
assumptions.

1683 Appl. Phys. Lett., Vol. 48, No. 24, 16 June 1986

. ' 9 (W WK Y, .00 ¥ R 3 A LA AT
1’.‘."!.!’;.!‘0.1'».0'030'0,.! "l c’l‘u‘,l‘l‘t’v’l\‘l‘.,l.n Wl Wy} %J’v.l‘v. bty ':ﬁ.a’i.c I’o.!‘..l'l. .0,‘ v A . 'o. \! *" X ‘0.

In conclusion, a self-limiting process for the deposition
of Ga from TMG during the ALE of GaAs has been ob-
served. This effect will make the ALE of GaAs insensitive to
the mole fraction of the TMG in the gas phase, thus alleviat-
ing one of the major problems of ALE of III-V compounds
by MOCVD.

This work is supported by the National Science Founda-
tion and the Air Force Office of Scientific Research. The
authors would like to thank N. A, El-Masry for performing
the TEM work.
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Defect reduction in GaAs grown by molecular beam epitaxy using different

superlattice structures
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Several superfattice structures, grown by molecular beam epitaxy, have been used to reduce the
density of threading dislocations originating from the GaAs substrate. Results clearly indicate
that compared to epitaxial layers grown directly on GaAs substrates, a GaAs-In, Ga, _, As
superlattice (x <0.12) reduces the dislocations by approximately two orders of magnitude.
Transmission electron microscopy, electron beam induced current, and etch pit density have
been used to characterize the effectiveness of using superlattice buffer layers for the reduction

of defects in GaAs epilayers.

Compound semiconductor substrates typically have
several types of defects, such as dislocations, which can de-
grade the operation of devices and circuits. For example,
semi-insulating GaAs substrates have dislocations of the or-
der of 10* cm ~? and greater. Moreover, the dislocation den-
sity which typically has a W-shaped distribution is nonuni-
form across the sample surface.! The presence of such
defects greatly influences device parameters such as source-
drain currents and threshold voltages resulting in a dramatic
degradation of performance.? We have recently reported the
use of GaAsP-InGaAs strained-layer superlattices (SLS's)
to reduce threading dislocations originating from the GaAs
substrate. Furthermore, the GaAs epilayers grown on this
SLS buffer were found to be almost dislocation-free.* This
SLS structure, grown by metalorganic chemical vapor depo-
sition, was constructed from alternating layers under tension
(GaAsP) and compression (InGaAs). The compositions of
the two ternary alloys are adjusted such that the SLS is lat-
tice matched to GaAs.*

Superlattice structures composed of phosphorus and ar-
senic compounds are difficult to grow using molecular beam
epitaxy (MBE). Consequently, most MBE superlattice
buffer layers are based on Al ,Ga, ,As-GaAs SLS struc-
tures (0 < x < 1).* Since this SLS structure is nearly lattice
matched, the built-in strain is insufficient to suppress the
propagation of threading dislocations originating from the
substrate. However, it has been reported in the literature®
that using Aly;Gay,As-GaAs and AlAs-GaAs SL's, the
dislocation density can be reduced by factors of 3 and 20,
respectively. This is in contrast to the three to four orders of
magnitude reduction when GaAsP-InGaAs SLS's are used.’
In this letter we report the use of GaAs-In Ga,_, As
(0 <x <0.2) SLS buffer layers reducing dislocations in the
GaAs epilayers.

The GaAs-InGaAs SLS’s were grown by MBE at 550 °C
onboth (100) Cr- and Si-doped substrates. For comparison,
a similar structure made of Al, ; Ga, , As-GaAs superlattice
was grown at 620°C. A 2-um GaAs epitaxial layer was
grown on the SL and directly on the substrate for etch pit
density (EPD) determination and comparison. All the
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grown layers were Si doped to the mid 10'/cm? range. The
superlattice has five periods, each layer being 100 A thick.
Since the individual layers are sufficiently thin, the lattice
mismatch is elastically accommodated by the uniform
strain. This strain can be present as a compressive strain in
the In_Ga, ,As layers only, thus maintaining the GaAs
lattice constant in the growth plane. However, the strain can
also be accommodated by tensile and compressive strains in
the GaAs and InGaAs films, respectively. In this case the
superlattice will have a lattice constant corresponding to
InGaAs with an InAs mole fraction of x/2. If the total thick-
ness of the SL structure made of these five periods exceeds
the critical thickness® 4_, misfit dislocations will be genera-
ted at the SLS-GaAs interfaces. The generation of misfit dis-
locations has been observed in our present study and will be
discussed later. Consequently, in order to prevent the gener-
ation of dislocations at the SLS-GaAs interfaces we must
limit the total thickness of the SLS to a value below the criti-
cal thickness, #,. However, by incorporating intermediate
thick layers of GaAs we can extend the number of sets of
five-period GaAs-InGaAs SLS’s. In Fig. 1 we illustrate a
structure incorporating a 2000-A GaAs buffer layer between

GalAs
Epilayer
2pm
GaAs-InGaAs (——
SLS
GaAuo
2000A 30004
GaAs-InGaAs [—/—— “"Structure”
SLS —
GalAs
Substrate

FIG. 1. Schematic of GaAs-InGaAs SLS with 2000-A GaAs intermediate
layer used to reduce defects in the GaAs epilayer.
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TABLE L. Results of etch pit denstty (EPD)Y measurements*
Number of
Five-penod tepeat Ustractures” b

Run SLS structure with 3000\ nerod tem
A GaAs-Al, Ga, , Ay N 1 s. o

B GaAs-In,,, Ga,, , As N ~ S0

C GaAs-In,, , Ga,, ., As N 9108 o
D GaAs-Ing 0 Gi, oy A S ~ S

E" GaAs-Ing o, Gity o AS 5 less than 107

| & GaAs-In, ,Gig y AS 2 ~ 210"

*Substrate EPD for both Si- and Cr-doped samples are of the order of 10°
cm *. EPD for epilayers grown directly on the substrate are in the 10"/
cm ’ range.

®Si-doped substrates. .

“ The total thickness of the SLS is 1200 A, winch exceeds the enitical thick-
ness.

two successive GaAs-InGaAs SLS's. This structure, with a
3000-A period, can be repeated to any desired number. Con-
sequently, this will introduce more stramed interfaces there-
by blocking the threading dislocations originating from the
substrate. In our study we have investigated samples com-
posed of a 3000-A period “structure,” repeated two and five
times with an InAs percentage of 6 and 10%.

Molten KOH was employed to reveal the dislocation
density on the GaAs substrates and on the epitaxially grown
layers. The etching time for each sample was 2-3 min. Etch
pit densities for the substrates and the epitaxially grown
GaAs cap iayer on the Al,,Ga,;As-GaAs and
In Ga, _,As-GaAs (x =0.06 and 0.14) superlattices are
compiled in Table I. The Al, , Gag ; As-GaAs SL reduces the
EPD by one-third to one-fifth of that of the substrate. Simi-
lar studies on the GaAs-In_Ga, _ ,As SLS indicate a two to
three orders of magnitude reduction. This trend is clearly
illustrated in Table I for both semi-insulating and n-type

10 pm

FIG. 2. (a) Y-modulation EBIC micrograph of recombination sites detect-
ed by surveying a 1-mm? device area. No other electrically active defects
were observed in this device. The Y-modulation mode is used for enhance-
ment of the contrast from small defects to facilitate survey scanning when
covering large device areas. (b) Conventional (Z modulation) EBIC mi-
crograph of the same arca as above. Here dark areas represent lower 1n-
duced current or higher recombination.
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(b)
FIG. 3. TEM micrograph of GaAs-InGaAs superlattice. (a) Total thick:
ness of the GaAs-Ing | Gag,, As five-period SLS exceeds the critical thick

ness resulting in the generation of dislocations shown by arrows. (b.
GaAs-In,, ., Gay e, As SLS composed of five periods of the 3000-A “struc

tures.” Threading dislocations, shown by arrows, do not penetrate the SL$
structure.

GaAs substrates. Increasing the number of five-period SLS
and GaAs intermcdiate layers reduces the EPD, as shown
forsamples D and E in Table I. Samples D and E correspond
to a 3000-A period structure repeated five times.

Dislocation densities were also characterized using the
electron beam induced current (EBIC) technique. 300-A-
thick gold Schottky diodes with an area of approximately _
2X 1072 cm? were evaporated on the GaAs epilayers. An
electron beam with an energy in the range 10-20 keV was
injected through these gold Schottky diodes. Dislocations
appear as dark images in the EBIC mode since they act as
nonradiative recombination centers which reduce the elec-
tric current compared to the surrounding area. Figure 2
shows the EBIC image of sample D. Over the entire metal-
ized area (~10~% cm?) only four dark spots were observed.
The corresponding dislocation density was approximately
4x 10%/cm?. This result compares favorably with the aver-
age value obtained from EPD data using a KOH etch ( Table
).
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Trandmission electron microscopy (TEM) was also
used to investigate threading dislocations for several SLS
samples. The TEM samples were prepared by lapping and
ion milling two watfers bonded face to face. They are viewed
in cross section with the electron beam parallel to the (110)
axis. Figure 3(a) shows a TEM cross section of the
GaAs-In, ,, Gag ,, As five-period SLS, with a total thickness
of 1200 A, which is larger than k. Misfit dislocations are
generated at the SLS-GaAs interfaces as shown in Fig. 3(a).
The presence of threading dislocations is consistent with the
results shown in Table I for sample F, where the EPD 15
approximately one order of magnitude higher than those of
samples B and C whose values of x are in the range of 6~10%
and whose total thickness is less than 1000 A. The GaAs and
Ing s GaggeAs layers in Fig. 3(a) do not appear to be
strained. Tlie strain and associated defects appear to be lo-
calized at the SLS and GaAs interfaces. This result is consis-
tent with previous observations obtained from Raman spec-
troscopy’ for the accommodation of strain between
GaAs-InGaAs SLS and the GaAs substrate. Figure 3(b)
shows a GaAs-Ing o Gagq, As SLS, with the 3000-A struc-
ture, repeated five times. Dislocations originated from the
substrate are stopped by the SLS structure.

In conclusion, GaAs-InGaAs SLS's have been success-
fully used as buffer layers to reduce dislocations originating

944 Appl. Phys. Lett., Vol. 49, No 15, 13 October 1986

from GaAs substrates. Employing EPD and EBIC a repro-
ducible set of defect densities has been recorded. An analysis
of the prapagation of these defects has been investigated us-
g TEM. It is therefore expected that devices on these low
defect density epilayers will exhibit less variation in electri-
cal parameters than those fabricated directly on GaAs sub-
strates.

The authors are grateful to M. Tischler for helpful dis-
cussions and assistance. This work is supported by the Air
Force Office of Research.
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