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LIQUID PHASE EPITAXY OF HEAVILY Te DOPED Ga, _,Al,Sb ON GaSB
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Heavily tellurium doped Gal _xAL,Sb alloys were grown by liquid phase epitaxy on p-GaSb undoped substrates. For high Te
content liquid solutions (X Te < 0.5 at%), quaternary Gaj _.xAl,Sby_, Te,, solid solutions were deposited, with ¥ concentrations
up to 0.23 near the substrate—alloy interface. The effective segregation coefficient of tellurium was found to be keogr = 23 at
500°C and kegp = 12 at $50°C. An n-type conductivity was observed with an upper electron density n = 3 X 1018 cm™3. Measure-
ments of the electron beam induced current by SEM have shown that the n—p junctions were situated at the chemical interface,
with hole diffusion lengths of about 1 um, and electron diffusion lengths of about 2 um.

1. Introduction

The Ga;_,AlSb solid solution has been grown
by zone melting [1-4], horizontal normal freezing
[4], Bridgman growth [S], liquid phase epitaxy
[6—22], and chemical vapor deposition [23]. This
alloy appears very attractive for application in
optoelectronic devices [10], as selective 1.06 um
photodetector [24], high speed avalanche photodiode
[25,26] or solar cell [27].

The undoped solid solution is a p-type semicon-
ductor. The n—p junctions have been prepared by
liquid phase epitaxy using tellurium doping, with
electron concentration less than 10'® cm™. Some
electrical and photoelectrical properties of n—p
Ga, _,Al,Sb—GaSb [8,15,19] or
Gay_x,Al,,Sb—Ga;_, Al, Sb [16-18,27] hetero-
junctions have been studied.

In this paper, we present our results on the liquid
phase epitaxy of heavily Te doped Ga;_»Al,Sb from
gallium rich liquid solution onto p-GaSb substrates. A
nearly equilibrium growth method was used. The
variations of the layer composition along the growth
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axis were studied by electron microprobe analysis, as
the segregation of Te between the liquid and solid
phases. For the highest values of the liquid Te con-
centrations (0.5 at%), an n-type quaternary
Ga;_,Al,Sb,_,Te, solid solution was deposited.
Some electrical characteristics of the epilayers are
presented.

2. Experimental
2.1. Growth procedure

Epilayers have been grown on single crystals
{111)B undoped p-type GaSb substrates (p = (1-2) X
10'7 ¢cm™). A conventional sliding graphite boat in a
horizontal quartz reactor tube in a pure hydrogen
atmosphere was used. The GaSb substrates were
prepared for growth by a 1 um mechanical polishing
followed by a 1.5% bromine—methanol etch just
prior to insertion into the furnace. The lightly
unsaturated solution was initially prepared with 6-9’s
Ga and Al elements and GaSb crystals. The tellurium
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was added under the form of a 6-9’s element, or with
the aid of Te doped GaSb crystals (n = 10'® cm™3)

when a layer doping level of less than 10'® cm™ was |

required. A graphite piston under a quartz rod kept
up the flatness of the liquid solution of 3 mm height
and prevented any Sb or Te loss during the heat treat-
ment. After the melt was kept at 550°C for an hour,
it was brought into contact with the polished (111)B
surface of a GaSb source, held in the horizontal
graphite drawer just before the GaSb substrate. The
immersion time was 40 min. With these conditions,
the melt was supposed to be very slightly super-
saturated, when the GaSb source was slowly but con-
tinuously dissolved in the melt [28]. At this time the
system was cooled, and then the source was retracted
and replaced by the GaSb substrate. The growth was
initiated on the substrate for various values of super-
cooling A (0—5°C) and cooling rate R (0.025, 0.66
and 2.25°C min™!). As the first layers were deposi-
ted on the GaSb source, the growth on the sub-
strate was very near the equilibrium,

2.2. Composition profiles

The solid compositions were determined using
quantitative electron microprobe analysis; by com-
parison of the emission intensity of the Ga Ka, Al K
Sb La and Te La radiations of the layer, with the
emission intensity- of Al, GaSb and GaTe
check samples. The real concentrations were cal-
culated using a correcting program taking into
account backscattering, absorption and fluorescence
effects [29].

The layers uniformity normal to the growth axis
was controlled to be better than the accuracy of the
microprobe analysis (2 absolute at%).

The variations of the solid composition were
studied normal to the substrate. The Te profiles were
obtained by recording the signal of the Te Lu radia-
tion. Tellurium concentration of 3 X 107 at. fraction
could be detected in the solid phase.

3. Results
3.1. Layer morphology

Epilayers of 50-80 um thickness were obtained for
growth intervals varying from 15°C (A =5°C) to

Fig. 1. (110) Cleavage plane of an epitaxial layer of Te doped
Gag.s0Alo40Sb on (111)B GaSb substrate; growth condi-
tions: Xk, =7.5x1075 atfr; a=5°C; R =225°C mm™;
growth interval 495-480°C.

20°C (A =0°C). The efficiency of the LPE experi-
ments, calculated from the Ga—Al-Sb phase diagram
[28], was about 20%. The as-grown surface was deter-
mined to be dependent of the substrate orientation.
The (111)B surfaces currently showed many ripples
or triangular facets. Shining smooth surfaces were

Fig. 2. (111)B surface of a Gag.6pAlg 40Sb epilayer showing
stacking faults. .
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Fig. 3. Dislocation loops chemically revealed by 1 HNO3, 1 H,02, 1 H;0 on a Gaj _xAL:Sb; _,Te,, —GaSb structure (X = 0.27);
Y = (.23 at the interface and 0.02 near the surface.

Fig. 4. Cracks and large striations parallel to the interface attributed to compositional Te variations revealed by 1 HNO3, 1 HF,
1 H,0 on the same Ga; _pAl,Sby _,Te, —~GaSb structure as presented in fig. 3.
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Fig. 5. p—n Junction of a Ga;_,AlL,Sb; _,Te;,—GaSb struc-
ture visualized by EBIC in a SEM. The junction lies at the
substrate—deposit interface.

Fig. 6. Electron beam induced current across the same
cleavage of fig. 5.

obtained only with (111)B substrates perfectly
oriented. On these surfaces, some stacking faults
appear clearly. Other classical orientations were not
selected for this study, as they appeared less favour-
able for the LPE growth: (111)A surfaces showed
hillocks and spiral growth patterns, and ¢(100) sur-
faces were cellular.

The substrate was strongly dissolved with A=0
and slow deposition rates. This dissolution was
reduced until a few microns using A=5°C and
highest cooling rates. Linear layer—substrate inter-
faces free of solvent inclusions were obtained if the
seed orientation was off by less than about 1/2° and
for high tellurium concentration in the liquid. It has
been shown that misoriented substrates give a stepped
etch back [30]. The favourable influence of tellurium
upon the linearity of the interface, observed for other
LPE experiments [31], could not been explained.

Typical cleavages of the structure and as-grown
surfaces are shown in figs. 1 and 2. Some defects
revealed by chemical etching normal to the substrate
are presented in figs. 3 and 4. '

The position of the n—p junctions and the diffu-
sion length of the minority carriers were determined
from the current induced by the electron beam of a
SEM. As shown in the fig.5, the n—p junction
revealed by scanning lays at the substrate—deposite
interface. Hole diffusion lengths of about 1 um were
measured from the drop of the induced current
profile (fig. 6). Electron diffusion lengths in the sub-
strare are 1—2 um.

3.2, Composition profiles

Fig. 7 shows the recorded concentration profiles
of tellurium in epilayers of Al composition X ~ 0.20,
for various Te liquid concentrations X§.. A great
quantity of tellurium was found in the deposite. A
sharp increase of the Te profile was noted near the
substrate—alloy interface for layers grown with Xk, =
5 X 1073 at.fr. The Te peak value is 210 at%. This peak
becomes weaker as X%, decreases. For the lowest
values of X%,, the distribution of Te through the
layer seems to be uniform, but in this case the
microprobe sensitivity (300 atppm) is of the same
order of magnitude as the measurement (300 to 1000
atppm). '

.Quantitative measurements of the composition of
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Fig. 7. Tellurium concentration profiles in epilayers grown at
500—480°C from liquids of different Te concentrations.

the whole solid phase were made in several points of
the layers. Results are indicated in fig. 8 for a layer
grown from a liquid of tellurium concentration
X%, =5 X 1073 at.fr. It can be seen that in all cases:

XZat X3y~ X5, + X5.~ 05 at.fr.

So the deposit appears to be the quaternary solid
solution Ga;_,Al,Sb,_,Te,, where the tellurium

fe(u)
20

[ 10 20 30 40 50

at®%—
Fig. 8. Quantitative electron microprobe analysis of the four
elements on a cross section of the epilayer.

atoms replace the antimony atoms on the B sublattice.

This result agrees with the reported works on the
GaSbTe phase diagram, which indicate the existence
of a GaSb—GaTe solid solution up to 16.4 mol%
GaTe [32,33].

The value of X was determined from the ratio of
the calculated atomic concentrations of Ga and Al in
the layers. The variations of X along the growth axis
are reported in fig. 9. They are compared with the
theoretical previsions made from the knowledge of
the ternary Ga—Al-Sb phase diagram [28]. The
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Fig. 9. Aluminum concentration profiles of epitaxial layers on GaSb substrates.
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influence of R and X%, was studied for layers grown
from a liquid containing one percent of aluminium,

The theoretical predictions give a homogeneous
alloy in the whole range of growth. This is not the
case here. The Al concentration decreases within a
thickness of 20—30 um and remains under the
equilibrium value. The slope of the profile is more
pronounced when the cooling rate increases. Such
behaviour was noted in the LPE of Ga,In, _,Sb [34].
It can be explained by the formation of a solute
depletion layer which takes place near the solid—
liquid interface [35,36].

For epilayers grown from a lightly Te doped liquid
solution, the X value of the first deposite crystals is
predicted by the ternary Ga—Al—Sb phase diagram.
This composition is higher for strongly tellurium
doped liquids. In this case the liquid concentration of
tellurium cannot be neglected. It has been shown that
the 536°C liquidus isotherm of the Ga—Al-Sb
ternary diagram is slightly displaced up to higher Sb
liquid concentrations when the melt is doped with
0.04 at% tellurium [18]. So, for highly Te doped
liquids, the quaternary Ga—Al--Sb—Te phase diagram
must govern the solid phase composition, as its evolu-
tion during the cooling.

3.3. Tellurium segregation

The effective segregation coefficient of tellurium
was defined as:

keft = X5,/ X e ,

where Xg,Te is the tellurium atomic concentration in
the first deposite which was determined by
microprobe analysis. Fig. 10 shows the values of kXe
versus X%, for layers of X =0.20 grown at 500 and
550°C. The value of k1§ was found to be independent
of X%, in the studied liquid composition range: k1% =
23 at 500°C and 12 at 550°C. These values have the
same order of magnitude as the distribution coeffi-
cients of Al and Sb calculated in the same manner
(table 1). For melt growth at 750°C of Gag.70Alg.30Sb
crystals, k& was determined to be equal to 0.7 [S].
So kag (as k5B) is strongly reduced when the growth
temperature is increased.

3.4. Electrical data

The electrical properties of the layers were studied
by Hall effect and resistivity measurements after
lapping the GaSb substrate and the inhomogeneous
part of the deposite near the substrate. The material
conductivity was n-type. The variations of the carrier
concentration (n=1/Rye) and electron mobility
(u =Ry/p) versus Xk, are shown in the fig. 11. The
values of n determined from C—V measurements by
Anderson et al [14] on Gag.4sAlg.ss Sb samples
grown at 500°C are also reported, with the Te con-
centration Np(atoms cm™) calculated from the
knowledge of kJ¢ and taking the obtained interface
value as bulk value (this assumption appears reason-
able for X%, <10™ at.fr) Fig. 11 shows that for
X%, <3.107% at.fr., n ~ Np. Each atom of tellurium
furnishes a conduction electron. For Xk, >3 X107
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Fig. 10. Tellurium segregation coefficient k¥ = X g,Te/X ‘ll"e as a function of the Te concentration of the initial liquid X’ I-fe.
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Table 1 :

Measured effective segregation coefficients of Al, Sb and Te in the LPE and melt growth of Ga; _,Al,Sby —yTey
Saturation temperature X kl X ]fe keAflf kgfl‘)f k;rff X Y
O (at.fr.) (at.fr)

500 0.01 0 12 22 23 0.24 0
500 0.01 0.005 14 17 . 23 0.28 0.23
550 0.01 0.005 10 9 12 0.20 0.12
750 0.02 0.001 0.7 0.30

(from ref. [5])

75 1

The variations of X ,Ig] and X %e resulting from the GaSb charge dissolution were neglected. kest'-’f was estimated taking the equilib-
rium values of Xgp furnished by the Ga—Al-Sb ternary diagram [28], neglecting the influence of tellurium upon the liquidus

isotherm.

at.fr., the carrier concentration tends to an upper
limit of about 3 X 10*® cm™3,

The limit of the effective number of tellurium
donors may be the occurrence of a compensating
mechanism due to p-type impurities (like Cu--0) or
lattice vacancies.

The carrier concentration of undoped Ga; _,Al,Sb
grown by LPE in our experiments was p = 8—10 X
10'® cm™3. This residual concentration is relatively
high and can be attributed to an off-stoichiometry
defect like in GaSb [40] or GaInSb [41]. But it

remains too low to compensate Te donors near 10'3
cm™3,

It has been shown in GaSb doped with tellurium
that lattice vacancies tend to develop on the A sub-
lattice as the concentration of Te is increased [37].
But this mechanism is regular and cannot explain the
sudden drop of the electron mobility to very low
values as X%, > 1075 at.fr. (fig. 11).

This drop can coincide with the appearance of a
second phase as observed by Hall and Racette [38]
on heavily doped GaSb crystals although chemical
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Fig. 11. Electrical characteristics of Te doped Ga; _,AL.Sb LPE layers (X = 0.20—0.30) grown at 500°C.
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etching of the layers did not show any local
inhomogeneity of composition, as X-ray recording of
Te by Castaing microprobe.

A study of the surface structure of an undoped
GaSb substrate and a Te doped epilayer (n=2.5 X
108 ¢m™® corresponding to X¥.=1.3 X107 at.fr)
was made by scanning ellipsometry measurements
using a 5 um luminous spot and a wavelength of 6328
A [39]. The fluctuations of the ellipsometry data
across the scanned surface (1 X 1 mm?) were similar
for the two samples (about 1%).

These experiments show that if the layer does not
remain single phase with high tellurium concentra-
tions, the second phase which would be formed must
appear in the form of nuclei of small dimensions (less
than 5 um) and regularly shared into the solid.

4. Conclusion

Ga; _,AlSb,_,Te, solid solutions were obtained
at 500°C from liquids with tellurium concentrations
X%, < 5X1073 at.fr. The 500°C effective segregation
coefficient of Te was found to be k5§ = 23. Its value
decreases when the growth temperature is raised. The
Te repartition into the layer was inhomogeneous.
Melts with Xk, =5 X 1073 at.fr. give Y ~ 0.2 near the
interface and Y ~0.01 near the surface of the
deposite.

The epilayers were n-type with a limit for the elec-
tron concentration of 3 X 10'® cm™. The drop of the
mobility as X%, > 1075 at.fr. can be explained by the
appearance of a second phase, but this phase could
not be detected in our experiments.
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