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1.0 INTRODUCTION AND SUMMARY

Theoretical work performed under Air Force contract [1] has indicated

I As  alloy compositions that are lattice matched to

that some Ga n P
X 1=y "y

1-x

InP have electronic properties which give them the potential for use in
high frequency MESFET devices which will perform significantly better than
those made with GaAs. As an example, the projected gain-bandwidth product

for a MESFET made with Ga is about 2.3 times that for

0.271%.73%0.4%%0.6

- one made with GaAs using the same device dimensions and doping level.

Although the growth by liquid phase epitaxy (LPE) of Gal_xInxPl_yAéy

lattice matched to InP [2-4] and to GaP Asy {5] substrates had been

1-y
reported prior to mid 1976, the compositions and doping levels used were
appropriate to optoelectronic devices rather than to MESFET fabrication.
The latter nperation requires very thin (on the order of 0.2 to 0.4 um)
epitaxial layers of high crystalline perfection. 7Thris implies an excellent
lattice match to the substrate, which must be semi~-insulating in order to
avoid spurious conduction and, furthermore, must itself be of high crystal-
line perfection in order to minimize the formation of electrically active
defects at the substrate-epilayer interface.

In August 1976 the Research Triangle Institute (RTI) proposed to the
Air Force Office of Scientific Research a research effort to synthesize a
quaternary alloy material and use this material in a prototype MESFET to
enable comparison of performance with similar devices made from GaAs.

This research program was envisioned as a three-year effort with the

following major objectives:




;. To demonstrate LPE growth of the desired Gal-xInxPl—yAsy alloy
composition.

2. To use compositional and structural analysis to guide the
growth process in order to obtain epitaxial material of the
highest possible perfectiom.

3. To perform electronic properties measurements to verify theo-
retical predictions of enhanced properties relative to GaAs.

4, To identify and demonstrate suitable ohmic and Schottky barrier
metallization materials necessary for MESFET fabrication.

5. To fabricate and demonstrate prototype MESFET design using the
the best material produced and to relate the performance of

‘this device to material properties.
Prior theoretical calculations [6] had indicated that the presence of

compositional disorder in the lattice arrangement of the Gal_xI P

As
1-y™y
alloys could introduce a scattering mechanism (so-called "alloy scattering")

n
X

which could reduce elgctron mobility and, therefore, performance of devices
made from disordered alloys. One of the correlations sought in the pro-
posed research was that between compositional disorder and electronic
properties.

This proposal was accepted by AFOSR, and the first year funding started
March 1, 1977. The first year efforts have been previously reported [7].
Growth efforts during the first year were directed first to compositional
control to obtain alloys lattice matched to InP substrates, particularly
those compositions near Gao.721n0.73P0.4ASO.6' Theoretical calculations [6]
of velocity-field characteristics had indicated that a range of alloy compo-

sitions lattice matched to InP provided transport properties that made them

potentially superior to GaAs in MESFET fabrication. The capability for
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growth of good quality epitaxial layers on (111)B oriented InP substrates
was demonstrated.

Although the quaternary layers were of good crystallographic quality,
the electrical properties were not as desired. Even in non-intentionally
doped material, electron carrier concentrations were large, initially on
the order of 1018 cm-3. Improved melt bake-out procedures and the use of
higher purity source materials enabled the reduction of carrier concentra-
tions to the range 4 x 10l6 to 2 x 1017 cm—3. The highest electron
mobility value obtained was about 4,000 cmZ/V—sec at a carrier concentra-
tion of 3.8 x 1016 cm—3, with both measurements made at room temperature.
This value for mobility was about half the predicted (theoretical) value.
The use of InP buffer layers between the In¥ substrate and the quaternary
layer appeared to have no effect on layer properties.

Photoluminescence measurements for the quaternary alloy layers made
early in the program showed the presence of deep levels, but well before
the end of the first year's efforts, these deep levels had been eliminated;
and the emissions from the quaternary alloys were irtense band-to-band
transition lines of narrow width, indicating, along with the improvement
in electrical properties, that the growth process was yielding much
better quality layers.

As a means of measuring structural order (for correlation to elec-
tronic properties), X-fay diffraction measurements were attempted. This
required removal of the InP substrate to allow direct exposure of the epi-
taxial quaternary layer to the X-ray beam. The fragility of the thin

(5 to 10 um) exposed epilayers created many problems in sample preparation.

This necessitated the development of a selective etch that dissolved the

InP substrate material at a much higher rate than the quaternary alloy
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material. With this etch suitable samples for X-ray analysis were being
prepared near the end of the first year's effort.
Attempts to make Schottky barriers on the quaternary material were

not successful during the first year. Although I-V characteristics for

the structures formed by deposition of gold on the quaternary were nonlinear,'

there did not appear to be any well-defined barrier.

During the éecond year quaternary growth was carried out on (111)A and
(100) oriented InP substrates as well as (111)B for a total of 140 growth
runs. Many of these runs were required to work out the phase diagram, par-
ticularly for the (111)A face, to enable compositional control over the
quaternary epilayer. Lattice mismatch between the epilayer and InP sub-
strate was, for many layers, reduced to below the limit of detection
(+0.03 percent in our case). Thickness control of about +20 percent was
achieved for epilayers of 1 to 5 um thickness. For submicron layers, how-
ever, growth rate variations from run to run were much larger. Further
work is needed to achieve precise control. Distribution coefficients for
the n-type dopant species--tin, tellurium, and selenium--were determined.

Photoluminescence and X-ray diffraction measurements indicated high
crystalline quality and homogeneity for those layers grown after phase
diagram data enabled precise composition control to achieve lattice match
between the alloy epilayers and InP substrates. The use of (111)A and
(100) oriented epilayer layers enabled relatively straightforward prepara-
tion of samples for X-ray analysis to ascertain order. Low intensity
diffraction peaks, which could possibly be interpreted as due to the pres-
ence of a tendency to long-range order, were detected; but the degree of
ordering was not quantified. In general, experimental difficulties pre-

vented the collection of enough X-ray diffraction data to enable
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correlation of the degree of lattice orderipg with growth conditions and
electronic properties.

Conductivity and Hall effect measurements indicated that even though
the non-intentional carrier concentrations were reduced to about 1016 cm-3,
there was no improvement in carrier mobility over t: it obtained during the
first year. Room temperature values of mobility in doped and undoped .
layers were typically 2,000 to 3,000 cmz/V-sec. This was far below theo-
retically predicted values. An analysis of mobility versus temperature
data indicates that the epilayers probably contain a large number of
inhomogeneities that give large components of space charge scattering and,
possibly, dislocation scattering.

No problems were experienced in making ohmic contacts to the quater-
nary alloys, but efforts to obtain stable and reproducible Schottky
barriers were for the most part not successful. Five different metals were
investigated: Au, Al, Cr, Ag, and Mg. Of these, only Au provided appre-
ciably nonlinear I~V characteristics. The largest barrier height obtained
was 0.51 volt and a diode factor n = 2.6.

A preliminary design for X and Ka band MESFETs was undertaken, but
because of the low mobility values and difficulty in obtaining good
Schottky barriers, actual fabrication of devices was not carried out.

There still appear to be many problems to be worked out before micro-

wave MESFET device quality Ga Asy material can be routinely

1-xInxPl-y

achieved.




2.0 MATERIAL GROWTH

2.1 Liquid Phase Epitaxy

For LPE growth, standard horizontal slider boats made of high purity
graphite were used. Two different LPE reactors were committed to this
program this year. One was the Lindberg "Heavy-Duty' furnace described in
the previous amnual report [7]. The second furnace was constructed at RTI.
It consists of "clam-shell" type resistance heaters containing a 60-cm
long liquid sodium—-filled heat pipe mounted on wheels which run on a track
arrangement that allows the entire furnace to be pulled over the quartz
reactor tube. Fast heat up and cool down can be realized this way. In
addition, the heat pipe allows a flat temperature zone approximately 25 cm
long.

The LPE growth procedure used in most experiments was the same as
that described in the previous annual report [7]-~i.e., the "transient
method" with ramp cooling was utilized for most of the growth runs. How-
ever, for certain specific experiments, to be described later, the "step
cooling" approach was used. In these cases the melt was saturated at a
given temperature, TS, (in the range 650-640°C) and was then subjected to
a rapid cooling step of ATS varying between 2 and 10°C to cause super-
saturation in the melt. In our furnaces such a drop in temperature can be
achieved in two to six minutes. Once the temperature had stabilized, sub-
strate wafers were inserted in the melt for the desired length of time for
LPE growth to occur, typically ten minutes.

Finally, for a few growth runs with (100) oriented substrates, the
"two-phase" method [2~4] was utilized in conjunction with step cooling.

In this case the melt was an undersaturated solution of Ga, In, and As




into which an excess of solid InP was introduced in order to supply the
required amount of phosphorous to the melt. With this method, growth
occurs on the InP substrate as well as on the solid phase InP present in
the melt.

In order to facilitate analyses by X-ray techniques to determine the
state of ordering in these quaternary compounds, it was found desirable
that epilayers should be grown on either the (111)A or (100) faces of InP
substrate crystals. This was concluded primarily because of the ease in
preparing samples suitable for X-ray analysis. In this year's effort,
more than 140 growth runs have been made employing more than 150 substrates.
Of these, over 45 runs were made on (111)A, 14 on (100), and the remainder
on (111)B oriented substrates. All the effort was directed primarily

toward the composition Ga although other compositions

0.271%0.73%%0.60%0. 40
have also been grown. On (111)B substrates this composition was realized
last year and can now be grown reproducibly and routinely. On the (111)A
face, however, the phase diagram is unknown in this composition range.

Hence the epilayer compositions obtained encompassed a relatively wide

range due to the exploratory nature of the investigation.

2.2 Phase Diagram Data

During liquid phase epitaxy, growth parameters such as distribution

coefficients, k,, for different atomic species (ki = C:/Ci, where Ci and

i’
Ci are concentrations in the solid and liquid phases, respectively; i =
Ga, In, As, or P) and layer morphology are dependent upon substrate orien-
tation. Therefore, to obtain the same epitaxial layer composition on

different substrates, the melt composition has to be varied. Thus liquidus

isotherms of the phase diagrams have to be determined for new melt
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composition ranges. The experimental procedure used for this is the source
dissolution method described in Reference 7. Briefly, a melt with known Ga
atom fraction, xéa (or the In/Ga ratio), is prepared, and a known amount of
As (in the form of InAs) is added. Then this melt is saturated with an InP
source wafer to establish thermodynamic equilibrium between InP and the
melt. It has been found that a period of two hours at 650°C is adequate
for this process for small (3 to 4 g) melts. From weight loss measurements
on the InP source wafer, equilibrium melt composition can then be deter-
mined. Numerous such experiments were conducted, and the results are shown
in Figure i. Here it is seen that for any given gallium concentration, xl
decreases with increasing xis, as is to be expected. Also it is to be
noted that only a small amount of phosphorous is present in the melt,
reflecting its high distribution coefficient (kp). Further, the small
amount of InP dissolved in the melt preseants problems in weight loss mea-
surement. In Figure 2, ki is plotted as a function of y for Gal-xInxPl-yAsy
epitaxial layers grown on (111)A face. Data for growth on (100) and (111)B
orientations are also included in this figure. The data for (100) face

were obtained from published work [4,5] and our own work.

2.3 Doping

Three donor-type impurities--Sn, Te, and Se--were used to obtain
carrier densities of about 10l7 cm-3 or above in the Ga In, P, As alloys.
1-x" % 1-y 'y
All three were found to be well behaved, shallow-level donors with a doping
behavior similar to that experienced with InP but with slightly different
distribution coefficients. Our data are presented in Table 1 for alloy
layers grown on (111)B oriented substrates at 650°C. Also shown are data

for InP [8,9] for purposes of comparison.
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Figure 1.

X3s (a/0) ——

Liquidus curves at 650°C showing dependence of phosphorous
solubility on concentration of arsenic in GaInAsP melts.
Running parameter is gallium atom fractiom.
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Figure 2. Distribution coefficients of Ga, As and P on (100), (111) A
and (111) B InP substrates in the epitaxial layer composition
range O<y<1.
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Table 1. Distribution Coefficients of Donor Atoms at 650°C

Donor InP Ga5,271%0.734%0.60%0. 40
Ce 0.011
Sa 0.0022 0.002
Te 0.4 0.35
Se 4.2 ~1.0
si 40.0

2.4 Morphology

Although it is easy to chemically process (100) oriented substrates
for preparing X-ray analysis samples, it has other limitations. The main
problem is in the growth of thick (25 to 30 um) layers. When layers of
such high thickness are precipitated from a melt, the layer composition

changes over its thickness, resulting in a changing lattice parameter.

e e,

This leads to a severely strained, and in extreme cases polycrystalline,
layer, since (100) orientation in zinc-blende structures cannot accommo-
date significant lattice mismatch. This problem deserves special
attention in any future work. %
Generally, the crystalline quality and morphology of thimmer (1 to
5 um) layers has been excellent and has been improved substantially over
that from last year. This is evidenced by the sharp line widths obtained
from both X~-ray diffraction and photoluminescence peak widths. In particu-
lar, lattice mismatch between epilayer and substrate has been reduced to
below the limit of detection, which in our case is about +0.03 percent.
The control of layer thickness has been improved and is better than

+20 percent for layers 1 to 5 um thick. For thinner, submicron layers,

12 ‘
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3.0 MATERIAL PROPERTIES

3.1 Composition and Structure

Composition of the quaternary epitaxial layers was determined by
electron probe microanalysis (EPMA). In addition, single-crystal X-ray
diffraction (XRD) and photoluminescence (PL) measurements were used to
measure the lattice parameter (ao) and energy bandgap (Eg)’ respectively.
As in the past, a, and Eg have also been used to compute the composition
of epitaxial layers by using published parametric equations {10, 11, 12].
These measurements are aiso used as a measure of the quality of epitaxial
layers: Narrow XRD and PL peaks indicate high crystalline quality and
homogeneity. Figure 3 illustrates some XRD profiles for samples with zero
and nonzero lattice mismatch. In this figure the intensity of the dif-
fracted X-ray beam is plotted (in arbitrary units) against the diffraction
angle, 2 6. A Cu target tube was used for this measurement, which yielded

(-]
a doublet pair, Kal-Ka with wavelengths of 1.5405 and 1.5443 A, respec-

2°
tively. Bare InP substrate crystals of good crystalline quality can
resolve this doublet extremely well with a 2 8 separation of 0.6 degree
and a FWHM of approximately 9'. With GalnAsP quaternary layers on InP
substrates, two sets of diffraction peaks (Kal, Kaz) are distinguishable,
arising from the eﬁitaxial layer and the substrate. If the epitaxial
layer is lattice matched; the peaks merge together and only one pair of
peaks is visible. In Figure 3, Sample Q-2-016 shows this situation. Here
the Kal peak has a FWHM of approximately 12', slightly greater than the

9' obtained for the underlying InP substrate. Diffraction profiles for

Samples Q-2-015 and Q-2-027 show small shoulders to the left and right,

respectively. For Q-2-016, since the peaks are merged completely, it can

15
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only be deduced that the mismatch is less than #0.03 percent, the detection
limit. Exactly what is represented by this peak broadening is not clear
yet, although minor gradients in lattice parameter or a defect-strained
lattice could certainly be responsible.

Table 2 lists PL peak widths for some samples. It is seen that these
peaks have a FWHM ranging from about 50 to 80 meV at room temperature,
which compares favorably with published data [13].

As reported previously [7], X-ray diffraction measurements had revealed
the presence of weak, but detectable, lines which signaled the presence of
modulations in the lattice constant of the quaternary alloy sample. These
were interpreted as possibly due to some tendency toward long-range order-
ing in the crystal. An intensive investigation was carried out in an effort
to see whether or not a definite determination could be made.

Very high sensitivity step scans (using quartz crystal monochomatized
MoKa radiation) were taken through the background between the Bragg peaks
along the reciprocal lattice lines 000-0h0, 000-hhO, and 000-hhh. Stability
of the radiation source was sufficient to ensure reproducible output over a

time period of many weeks. Care was taken to eliminate fractional

Table 2. Room Temperature Photoluminescence Peak Widths

Bandgap FWHM Mismatch
Semple (eV) (meV) )
2-021 0.99 90 *
2-022 0.99 73 -0.06
2-024 0.91 82 N
2-031 0.89 64 *
2-035 0.87 54 *
2-040 0.77 105 -0.03
2-045 0.86 54 0.24
5-015 0.81 90 0.26
5-017 0.86 60 0.24
5-027 0.74 9 0.30
*Mismatch < £0.03%
17
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wavelengths from the monochromator by properly adjusting the pulse height
analyzer. Operating parameters are listed in Table 3, and diffraction
patterns are shown in Figures 4 through 7. Approximately three minutes
were spent collecting counts for each angular increment shown.

Generally, diffraction pattern backgrounds were higher in all direc-
tions of the recpirocal lattice in the quaternary crystal than they were
in th;t for the InP crystal substrate. However, as reported previously,
the quaternary alloy yielded a number of well-defined but weak Bragg
peaks where the intensities were three or more orders of magnitude below
the principal Bragg peak intensity. Weak reflections not permitted in the
zinc blende structure were observed to be as follows: (110), %(111),
%(500), %(550), (330). It was concluded that these were not induced by frac-
tional wavelengths since not only was the possibility of having fractional
wavelengths eliminated by use of a carefully adjusted pulse height analyzer
but also the excitation potential was selected so as to locate A/2 at the
cut-off wavelength of the continuous spectrum. Furthermore, the absence
of extra reflections in a control crystal of InP verified the absence of
fractional wavelengths. Any possible double reflection resulting from com~
bining two existing reflections was excluded by the extinction rule for
zinc blende structure where h + k, k + 2, (£ + h) = 2 n for (hk%) must be
satisfied. Thus it was concluded that the extra peaks seen were due to
the presence of some structure present in the Ql-72 quaternary crystal in
addition to the normal zinc blende structure. Following these observations,
a variety of crystal structures was systematically examined to see whether
or not the extra lines could be explained by any other structure.

Speaking in general terms, long-range ordering results in a derivative
structure from the basic structure with a set of equipoints being divided
into two or more subgroups (with an increase of unit cell size if necessary).

18
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The zinc blende structure, which is the basic structure of the derived
superlattice, Selongs to the cubic system. To check crystal svmmetry,
equivalent reflections 110, 101, and 011 were chosen for their identical
absorption corrections. Three peaks of identical shape and size were
observed as shown in Figures 4, 8, and 9, showing that (111) is a threefold
axis and leading to the conclusion that the structure is either cubic or
rhombohedral.

By doubling the edge length of the unit cell, the.observed superstruc-~
ture reflections could be indexed properly and become 220, 111, 500, 550,
and 660 of the larger cell. Thus it was concluded that there is a distinct
possibility of long-range ordering on the anion or cation sublattice, or on
both. Further, it can be concluded that the cubic unit cell of such a
superlattice contains 64 atoms rather than eight and that the unit cell has
a lattice constant twice that of the host lattice.

Since the coordinates for all the atoms in the unit cell are known,
the usual search for the possible spacé groups implied by "diffraction
symbol" through determining conditions for a set of possible reflections
is unnecessary and time consuming. A survey of the 36 possible cubic space
groups capable of allowing correct placement of cations and anions deter-
mined that the possible space groups are limited to the following: P23,
P213, F23, 123, and P43n. Coordinates for the speciél and general posi-
tions of each of the equipoints are listed in Table 4. The observed
superstructure reflections 111, 200, 500, 550, and 660 satisfy only space
group P23 and none of the others.

Further discussion of structural possibilities is provided in

Appendix A.

24

I Sty W (e WY et ) CIPON SRt ICR

A T

I Syt WO st [T— [~ F Svons DIOPI * Sl VOO vy ¥

=




18

|
14

10
2 8
20-Step scan pattern showing extra reflection (101).

I - . |

L | S DU - 1 | | ]
0002 0081 0097 00HT 0021 0001 008 009 00k 002 0
m o - SINNGI

Figure 8.

e g




it ¥ [ R T ey oy

!
;
ﬁ
“,
b

Rk

v
4

000c 0081

s P ARIL ot it et & o 2 a s

0091 o041 00T 0007 008
. SINROI

10 12 14 16 18

2 8

20-Step scan pattern showing extra reflection (011).

Figure 9.




e v kS A A badn - - ——

. . x2% hxh R,
-¢1 1-¢ €1~
8 v ix? 4%

xxx XXX XXX XXX (0 =X%) (3

XA
Aﬂ = X) (d) 91 000 (®)

TLZol 22y o
+8~H ﬁo.n .aﬁo 000)
8 _; «8_4 «8 4 P52 |

AH -2 €™ mluc ) 1 Aanu 1= unxv o)

Xz & £xz . ZLXxX

mum mxu z£ x

mma £xz Zz2Ax

Xxz{ Axz 24X

13 Y

‘o Illh ¢ "x
(O=z i i ) N

- r'4 4 4
Am. Lz m.. £ ¢ mné f) 21 190 o0s0 o007 (e)

. (X4 [P A [ %4
@0 @y °17 107 11 @
XXX XXX XXX AKX anmim. ()
Amué () 4 000 (v)
€ 4
T9POW 2an3donilg dIqn) 103 sdnoin odedg a1qyssod 4 arqel




-0

£ied
8614

B

1% njoo
X 0
Y

(@) 2 AW.N ‘0uk .m.;o
N.uah N ‘
b o Pl [4 ¢ ¢ A
- K4 ltx a2 Za2tLiN
1 T 847 2 %7 %47 2 %77
Axz y.Teg, leg £-Tex,Tey z.8¢g,Le
T *+7 ° T **+7 2 *-7 M7 0%
[4 [4 () [4 P (AP [4
X*'Z2eo2%f2 L'x-2°z,.% £=-Lex, %t
A S T bt - SR
(@) 2t (O=z ¢ Wna ¢ mnxv
() 4 Am x)
M. ¢ um. x-m.. m.x
BAS Sa T “*7 -
m.xnm.x+m XXX
(®) ¥ T 1 (0a%
xz& £xz 24X
xz L Axz zLx
xzgh  Axz  zhx
) w2 xz & £xz z2Ax
Yy Y
=X ..l-u% -nlrl.un
(1) i T )
[ ¢ ¢ c?
°tT 197 T1°
(@) 8 000
CCT o
+$: 000)

28

panutiuo) ¢ afqel




Table 4 Continued

® » " t
+ ' L
Lt I TS R TN T Y]

L L " »
+ 1 + ' P
Ll G R K R TESY n
N
- - LY L)
% ] o ” -
+ + 1 U ﬂ‘w
e e N e
L
? -
i 0
» X o i ™|
»” " [ H3 x H
~ H] LR ] 5
”~~ ”~~
C) ol
N A
-] &
.
”~~
O N (=] X oIx e X
Laad Ko I = [ N N IN N
N © L] E SR N Y §-
L)
gy © Nl > >
iey O e~fon ] ¥ % 11X ax
=~y © > N IN NN
N -~
Q =Ny O i N 1IN IN N
© v O ] BBy I >y
[~ © =N 5 K I X X




At this point the existence of long-range order has not been unequivo-
cally established. In fact, as discussed in Section 5, there is evidence
that at least some of the quaternary alloy samples prepared in this
research, if not all, have considerable defects, the nature of which has

yet to be determined.

3.2 Electrical Properties

Hall effect measurements were made using the standard Van der Pauw
method to determine Hall mobility and net carrier concentration. For
unintentionally doped layers, the net electron concentration due to back-
ground impurities is found to be in the low 1016 cm—3 range. A summary of
these measurements is given in Table 5. For higher doping density, three
donor impurities--Sn, Te, and Se--have been used successfully. All three
are well behaved, shallow donors in this quaternary with a doping behavior

similar to that in InP but with slightly different distribution coefficients,

as discussed previously in Section 2.3.

Table 5. Carrier Concentrations and Electron Mobility Values
at 300 K and 77 K for Quaternary Alloy Samples

n(x 107t cm-3) u (cmZ/V—s)

Sample 2

300 K 77 K 300 K 77 K
2-022 2.75 —_— 2248 —_——
2-024 0.114 0.132 2282 4990
2-025 0.103 —— 1952 -——
2-032 0.762 0.734 3174 4295
2-035 3.43 3.16 3074 4086
5=-010 0.483 — 1368 —

5-026 1.64 -— 2071 -




Using the form

wry (1,0

___(Tl) - Tl , | (1)

Hit2 2
the samples for which 300 K and 77 K data are reported in Table 5 show a
temperature dependence which ranges from b = -0.21 to b = -0.58. As
expected, this is a definite correlation between the carrier concentration
and the reduction in mobility.

Theoretical calculations of electron mobility values in Ga n

l—xI xPl—yAsy
alloys using Monte Carlo techniques have been made for those alloy composi-
tions which are lattice matched to InP {6]. The theoretically predicted
variation of Hall mobility is shown in Figure 10 compared to the range of
values obtained experimentally [14,15)]. Efforts to achieve a better fit of
theory to experiment [16] have had to invoke relatively large amounts of
compensation by acceptor impurities to increase the contribution of ionized
impurity scattering as well as large amounts of "alloy" scattering. The
latter has been treated theoretically by several approaches {[17] which give

a Tl/2

dependence——namely, so-called "space-charge scattering" [18,19]--
which acts to decrease the mobility below that predicted for III-V compound
alloys when the mechanisms of polar optical mode, ionized impurity, and
alloy scattering are invoked.

Figures 11 and 12 show data points derived from Hall effect and conduc-
tivity measurements by Houston and his co-workers (20] on two
Gal_xInxPl_yAsy alloy samples grown by standard liquid phase epitaxy tech-
niques in our laboratory. These layers were grown on iron-doped InP

substrates and are both almost exactly lattice matched to InP. The Hall

mobility for both samples rises to a maximum at about 100 K in both cases
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and then decreases to a saturating value at temperatures below about 10 to
20 K. The latter, of course, is explicable in terms of impurity band con-
duction [21]. The shape of the experimental curves in Figures 11 and 12
may be explained by the combination of polar optical mode, ionized
impurity, and alloy/space charge scattering alone or by invoking an addi-
tional mechanism, dislocation scattering [22]. A reasonable fit to the
experimental curves is obtained by using a simple extension of the models

used for ternary alloys [23] and adapting the Dexter and Seitz [22]

formula,
. 2 %
Lw305 x 107 g2 (A 2e) A(m\(Vos )
ps o J\ em?
where E1 is the deformation potential (eV), X is the crystallcgraphic slip

distance (cm), v is the Poisson ratio for the material, Nd is the number
of dislocations per cmz, and T is the temperature (K). Nd was treated as
an adjustable parameter, and estimates were used for the other parameters

as follows: E; = 6.0 eV, X = 2.5 x 1078 em, and v = 0.3.

Weisberg's formula [19] for space charge mobility was used in the form

#\1/2 _1/2
L oa4.7 x 10710 <“‘—) Ir__ (V = s) (3)
uw m A 2

0 cm

where the parameter A (in cm) is the mean free path for scattering by large
cross section objects (opaque scattering centers) whose cross section is
taken in this treatment to be independent of temperature. This mean free
path is equal to the product of NS, the number of opaque scattering centers
per unit volume, and AS’ the cross-sectional area of the scattering center.

More properly,
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S
-1 1
AT =N, A =2 A (4)
1 s s & sk ‘
t
‘ ;1
é where :
N t
1S 1
- = A (5) £
A =g & sk é

and ASk represents the cross