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Passivation of Carbon Acceptors during Growth of
Carbon-Doped GaAs, InGaAs, and HBTs by MOCVD
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Carbon doped p-type GaAs and In, ;;Ga, 4,As epitaxial layers have been grown by low-
pressure metalorganic chemical vapor deposition using CCl, as the carbon source. Low-
temperature post-growth annealing resulted in a significant increase in the hole con-
centration for both GaAs and Ing;,Gag4;As, especially at high doping levels. The most
heavily doped GaAs sample had a hole concentration of 3.6 X 10%° cm ™ after a 5 minute
anneal at ~400° C in N,, while the hole concentration in Ings3Gag4;As reached 1.6 X
10" em™® after annealing. This annealing behavior is attributed to hydrogen passiva-
tion of carbon acceptors. Post-growth cool-down in an AsH;/H, ambient was found to
be the most important factor affecting the degree of passivation for single, uncapped
GaAs layers. No evidence of passivation is observed in the base region of InGaP/GaAs
HBTs grown at ~625° C. The effect of n-type cap layers and cool-down sequence on
passivation of C-doped InGaAs grown at ~525° C shows that hydrogen can come from
AsH;, PH;, or H,, and can be incorporated during growth and during the post-growth
cool-down. In the case of InP/InGaAs HBTSs, significant passivation was found to occur
in the C-doped base region.
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I. INTRODUCTION

Low-resistivity, p-type GaAs and InGaAs are of
interest for the base region of n-p-n heterojunction
bipolar transistors (HBTs), where the high-fre-
quency performance is dependent on the external
base resistance.! Heavily carbon doped p-type GaAs
has been achieved by several growth techniques, in-
cluding metalorganic molecular beam epitaxy
(MOMBE),? molecular beam epitaxy (MBE),®> and
metalorganic chemical vapor deposition (MOCVD).*
Carbon has been used as the base dopant in Al-
GaAs/GaAs HBTs,>® and has an advantage over
other p-type dopants due to its relatively low dif-
fusion coefficient in GaAs.®” The use of carbon as a
p-type dopant for InGaAs may also be attractive for
use in InP/InGaAs HBTs if the atomic diffusion
coefficient is also low in this material. Carbon doping
of InGaAs has been investigated recently for growth
by MBE-based techniques®'° and by MOCVD.

Hydrogen incorporation in ITI-V materials has been
shown to occur under a wide variety of conditions,
and can result in reversible passivation of donors
and acceptors.”>"® It has also been shown that among
acceptors in GaAs, C is most efficiently passivated
by hydrogen.® Intentional hydrogen passivation of
carbon acceptors in GaAs and AlGaAs has been
demonstrated, and has even been used as a tech-
nique for lateral definition of stripe geometry laser
diodes.!™® The presence of hydrogen-carbon bonds
in C-doped GaAs grown by MOMBE has been de-
tected by infrared absorption analysis," indicating
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that unintentional passivation can occur during
growth.

Several groups have reported unintentional hy-
drogen passivation in CCl,-doped GaAs and Al-
GaAs grown by MOCVD. Héfler et al.* observed an
increase in the hole concentration (from 2.5 x 10%°
to 4.0 x 10" em™) in C-doped GaAs upon annealing
in a sealed ampoule at 825° C, and also detected a
high hydrogen concentration in as-grown GaAs and
AlGaAs using SIMS. Watanabe and Yamazaki®
observed similar annealing behavior in C-doped
AlGaAs. A recent study by Hobson and coworkers®
showed that up to 6 X 10 cm™ carbon acceptors
may be passivated by hydrogen in CCl,-doped GaAs
grown by MOCVD using AsH; or TBAs as the ar-
senic source. This passivation was reversed by an
anneal at 550° C in a He environment, and the hole
concentration was found to increase by as much as
50 to 100% after annealing.

Antell et al.®® have found that Zn acceptors in
MOCVD-grown InP may be passivated when the InP
is capped with p-type InGaAs. They showed that
hydrogen generated from pyrolysis of AsH; became
trapped in the InP during the post-growth cool-down,
and was responsible for the acceptor passivation. Cole
and coworkers® reported similar findings for cooling
of Zn- and Cd-doped InP in an AsH;-containing am-
bient, and also showed that the presence of PH; could
result in measurable passivation.

Chin et al.’® have grown p-type C-doped InGaAs
by gas source molecular beam epitaxy (GSMBE) us-
ing CCl, as the carbon source and AsHj, elemental
In, and elemental Ga as the growth precursors. They
found that the hole concentration for samples grown
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at 420° to 460° C could be increased by a factor of
ten by a post-growth anneal at 420° C in N,. Sim-
ilar behavior has heen observed for C-doped InGaAs
grown by MOCVD." In addition, two reports of InP/
InGaAs HBTs with a carbon-doped base suggest that
the hole concentration in the base may be reduced
by hydrogen passivation.?%¢

In this paper, we use low-temperature post-growth
annealing and Hall effect measurements to inves-
tigate the hydrogen passivation of carbon in GaAs
and InGaAs during MOCVD growth and post-growth
cool-down. InGaP/GaAs and InP/InGaAs HBTs with
a carbon doped base were also subjected to post-
growth anneals, and the effect on the base region is
discussed. It is also demonstrated that the presence
of AsH;, PH;, or H, in the cooling ambient may lead
to passivation in heavily C-doped layers.

II. EXPERIMENTAL

All growths for this study were carried out in a
modified Emcore GS3100 low-pressure MOCVD
reactor at 76 Torr. The growth precursors were TMIn,
TMGa, AsH;, and PH;. CCl, was used as the p-type
dopant, and SiH, and Si,H; were used as the n-type
dopant sources. All GaAs layers were grown on semi-
insulating (100) GaAs substrates misoriented 2°
toward (110). Relatively low growth temperatures
were used (7' = 625° C) in order to achieve high car-
bon doping levels for the single layers of GaAs. Car-
bon incorporation was also controlled by varying the
CCl, flow rate and the V/III ratio. The InGaP/GaAs
HBT structures were grown at ~625° C, and con-
sisted of a 5000A n*-GaAs subcollector (n ~ 1 X
10" em™%), 5000A n™-GaAs collector (n ~ 4 x 10
em™?), 730A p*-GaAs base (p ~ 2.5 x 10" cm™3),
1500A n-Ing;GagsP emitter (n ~ 1 X 10'® cm™®), and
1500A n*-GaAs/InGaAs contact layer (n ~ 1 X 10"
cm ®). An AsH; overpressure was maintained
following the growth of single layers and HBT
structures until the substrate temperature fell to
approximately 250° C.

All InGaAs layers were grown on semi-insulating
(100) InP substrates misoriented 2° toward (110). Low
growth temperatures (~525° C) and low V/III ra-
tios were employed in order to obtain high p-type
doping in Ings3Gag4;As. The alloy composition is
strongly affected by the presence of CCl, during
growth,'”?” so the TMGa/TMIn ratio must be ad-
justed to maintain lattice match to InP. The InP/
InGaAs HBT structures consisted of a 5000A n*-
InP subcollector (n ~ 1 X 10* ecm™2), a 5000A n"-
InGaAs collector (n ~ 1 x 10" em™), a 1000A p*-
InGaAs base (p ~ 1.2 x 10* em ™), a 1500A n-InP
emitter (n ~ 1 x 10™® em™®), and a 1000A »*-In-
GaAs contact layer (n ~ 1 X 10" em™®). An AsH,
overpressure was also maintained in this case until
the temperature had decreased to about 250° C af-
ter growth of InGaAs layers and HBTSs, except where
noted otherwise.

The room temperature carrier concentration and
mobility were determined by van der Pauw-Hall
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Fig. 1 — Variation of the hole concentration with anneal tem-
perature for a 0.25 um thick, heavily C-doped GaAs epitaxial
layer. Anneals were 5 min in duration, and were performed in
a 100% N, ambient.

measurements on 6 mm X 6 mm samples with non-
alloyed indium ohmic contacts at the sample corners.
Transmission line measurement (TLM) patterns were
used to measure the sheet resistance of the base re-
gion in the HBT structures. The thickness of the
epitaxial layers was determined by scanning elec-
tron microscopy (SEM) or surface profilometry mea-
surement of selectively etched samples. Secondary
ion mass spectrometry (SIMS) measurements were
performed on several GaAs layers to estimate the
total carbon concentration, using a carbon-im-
planted GaAs substrate as a calibration standard.
The post-growth anneals were performed in an al-
loying station, with the samples placed directly upon
a resistively heated graphite strip. All anneals were
5 minutes in duration, and were performed in a 100%
N, atmosphere.

III. RESULTS

A. Carbon-doped GaAs

The dependence of hole concentration on post-
growth annealing temperature for one of the most
heavily doped GaAs layers is shown in Figure 1. Each
data point represents an individual Hall sample,
which was annealed before making ohmic contacts.
For anneal temperatures of less than 320° C, the hole
concentration remained essentially constant near 1.0
x 10%° ¢m™3. However, a hole concentration of 3.6
x 10%° em ™ was measured after annealing at 400° C
for 5 minutes in N,. Thus, the fraction of car-
bon acceptors initially passivated was [HC]/[C] ~
(pannealed - pas-grown)/(pannea)ed) = 07, Where [HC] 18
the concentration of carbon acceptors passivated by
hydrogen, and [C] is the total carbon concentration,
which is assumed to be equal to the hole concen-
tration after the passivation has been reversed
(Pannealea), as discussed below. The hole mobility de-
creased from 64 cm?/Vs in the as-grown sample to
51 cm®/Vs after annealing at 400° C. This change
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is consistent with the increase in the hole concen-
tration.

The total carbon concentration for this sample was
estimated from SIMS measurements to be [C] ~ 2.5
X 10% ¢m™®. This is lower than the hole concentra-
tion measured by Hall effect, but is in agreement
within the experimental error inherent in the SIMS
technique, suggesting near unity electrical activa-
tion of C atoms as acceptors. Similar results have
been found for other heavily doped ([C] > 5 x 10
cm™®) GaAs layers. SIMS analysis also showed a high
hydrogen level in the C-doped GaAs layers, but the
hydrogen concentration was not measured quanti-
tatively.

The heavily C-doped GaAs epitaxial layers ex-
hibit a significant degree of lattice contraction, due
to the small covalent bonding radius of C (0.774)
relative to Ga (1.264) and As (1.20A). For the sam-
ple described in Fig. 1, the mismatch changed from
Aa/a = —2.9 x 1072 before annealing to Aa/a =
—4.5 x 1072 after annealing at 400° C. This change
can be explained by removal of hydrogen, assuming
that the effective bonding radius of a carbon-hy-
drogen pair is larger than for carbon alone. The
mismatch after annealing is in good agreement with
Vegard’s law, which predicts a lattice contraction of
Aafa = —4.5 x 107° for {Cl,, = 3 X 10%*® ecm ™ for
a coherently strained epitaxial layer.

The dependence of hydrogen incorporation on
growth conditions was explored by comparing the
hole concentration in the as-grown samples to that
measured after reversing the passivation by
annealing, and it was found that the fraction of C
acceptors passivated always increased for condi-
tions which favored high carbon incorporation. In
Fig. 2, the fraction of C acceptors passivated ((HC]/
[C]) is shown as a function of total carbon concen-
tration for as-grown GaAs layers grown at temper-
atures ranging from 575 to 625° C and with V/III
ratios between 3 and 50. The fraction of carbon ac-
ceptors passivated was found to be correlated with
the carbon concentration, with [HC]/[C] highest for
high doping levels.

The ohmic contacts were removed from these GaAs
layers after they had been annealed to reverse the
passivation. The samples were then placed in the
MOCVD system and heated to 500° C in an AsH;/
H, ambient, maintained at that temperature for 2.5
minutes, then cooled to 250° C. The molar fraction
of AsH; in the ambient was [AsH,] = 1072, The AsH,
flow was stopped at 250° C, and the samples were
further cooled to room temperature in H,. This se-
quence was chosen in order to simulate the cool-down
which occurs immediately after growth, although a
higher AsH; mole fraction was present during the
original post-growth cool-down for several of the
samples. Non-alloyed Hall contacts were then made
to the samples, and it was found that the hole con-
centration had returned to nearly the same value
measured immediately after growth, i.e. nearly the
same fraction of C acceptors were passivated for each
of the samples as had been passivated after growth,
as shown in Fig. 2.
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Fig. 2 — Fraction of carbon acceptors passivated by hydrogen as
a function of total carbon concentration for several heavily doped
GaAs samples. The layers are all between 2500 and 5000A thick.
The total carbon concentration, [C], has been assumed to be equal
to the hole concentration after annealing at 400° C in N, for 5
minutes. The (4) represent the fraction of acceptors passivated
immediately after growth, while the (O) represent the fraction
of acceptors passivated after annealing the sample in N, to re-
verse the passivation, then heating to 500° C and re-cooling in
an AsH;/H, mixture where the AsH; mole fraction was [AsH,]
=1x 1074

These results show that the post-growth cool-down
is very important in determining the amount of hy-
drogen passivation in a heavily doped GaAs layer
when the surface is exposed to a AsH;/H, ambient.
Thus, heavily-doped p-type contact layers at the
surface of a device structure may be especially sus-
ceptible to unintentional hydrogen passivation dur-
ing post-growth cool-down. The amount of passi-
vation measured in these layers for a given [C] is
determined primarily by the cool-down, so we are
unable to draw any conclusions regarding incorpo-
ration of hydrogen during growth using this data.

Several of these layers were also heated to 500° C
and cooled in a 100% H, ambient after annealing
in N, to reverse the original passivation. Hall effect
measurements give [HC]/[C] ~ <0.1 for the most
heavily doped samples. Thus, the amount of AsHj
present during cool-down is an important factor in
determining the amount of passivation. In fact, the
three most lightly doped samples in Fig. 2 were
originally cooled with [AsH;] = 2.5 x 107 to 5 X
1072 after growth, and all three exhibited a slightly
higher degree of passivation after growth than after
heating and cooling with [AsH;) = 1 x 107>,

Several samples from the epitaxial layer de-
scribed in Fig. 1 were annealed at ~400° C in N, to
reverse the original passivation, then heated to dif-
ferent temperatures and cooled in the AsH;/H, am-
bient. It was found that heating to 450 or 500° C
produced nearly the same result ((HC]/IC] ~ 0.7).
However, when the sample was heated to ~400° C
for 2.5 minutes and then cooled, the fraction of ac-
ceptors passivated was only [HC}/[C] ~ 0.5. This
indicates that the hydrogen is likely trapped within
the GaAs during cool-down when the sample tem-
perature is around 400 to 450° C.
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Fig. 3 — (a) Hole concentration versus anneal temperature for
a 2200A thick C-doped GaAs layer. This sample was the base
doping calibration layer for the HBTs. (b) Variation in dec current
gain with anneal temperature for InGaP/GaAs HBTs with a C-
doped base. The anneals were performed prior to device fabri-
cation. (c) Hole concentration in the base layer as a function of
anneal temperature for two cases: (A) represents the case where
the anneals were performed before removing the emitter, and
(M) represents the case where the emitter was removed prior to
annealing in N,. All anneals were performed in a 100% N, am-
bient for 5 minutes.

B. InGaP/GaAs HBTs

We have investigated the effect of hydrogen pas-
sivation on the base region of In, ;Ga,;P/GaAs HBTs
with a carbon-doped base. The annealing behavior
of the base doping calibration layer is shown in Fig.
3(a). The doping calibration layer is simply a single
C-doped GaAs layer grown on a semi-insulating
GaAs substrate. Anneals were 5 minutes in dura-
tion and were performed in N,. The hole concentra-
tion increased from 1.7 x 10" e¢m™ to 3.2 x 10%°
cm® upon annealing at 400° C, indicating that the
fraction of C acceptors initially passivated by hy-
drogen was ~0.47.

The base region of the HBT structure was grown
under the same conditions as the doping calibration

layer. The dc characteristics of these HBTs were
measured after post-growth annealing at 320, 360,
and 400° C. The anneals were performed prior to any
device processing. The device fabrication was car-
ried out using selective wet chemical etching tech-
niques, and Ti/Pt/Au contacts (sintered at ~260° C)
were employed in order to avoid high-temperature
processing steps. The emitter area was 60 um X 60
wm, and a collector current of 10mA was used to
measure the dc common-emitter current gain, 3. The
dc current gain of the HBTs might be expected to
decrease significantly after annealing, since 8 should
be inversely proportional to the hole concentration
in the base region." However, no significant changes
were observed in the device characteristics after
annealing. For example, the dc current gain de-
creased by less than 10% upon annealing at 400° C,
as can be seen in Fig. 3(b).

In order to determine more directly whether H
passivation affected the base region of these struc-
tures, Hall effect measurements were used to mea-
sure the hole concentration in the base for two sets
of annealed HBT structures. The depletion region
between the p* base and the n-type collector served
to isolate the base from the conducting regions below.
For the first set, samples were annealed before
etching the emitter away from the structure, and
Hall measurements were performed using non-al-
loyed In contacts. For the second set, the samples
were annealed after etching the emitter to remove
the base-emitter p-n junction, which might play a
role in trapping ionized hydrogen in the base (hy-
drogen is expected to diffuse as a proton, H”, in p-
type GaAs®®), and Hall measurements were also
performed. The hole concentration as a function of
anneal temperature is given in Fig. 3(c). No signif-
icant changes were observed in either case—the hole
concentration stayed essentially unchanged at the
value measured in the base of a structure which was
not annealed. The discrepancy between the hole
concentration measured for the 730A base (p ~ 2.5
x 10" em™®) and the 2200A doping calibration layer
after annealing (p ~ 3.2 X 10" ecm™?) is likely due
to uncertainty in the surface and interface deple-
tion corrections used for these very thin layers. The
base sheet resistance was also measured using TLM
patterns for an as-grown structure (not annealed),
and for structures where annealing at 400° C was
performed before or after removal of the emitter, as
described above. The sheet resistance was essen-
tially unchanged at 520 * 25 2/sq. for all three
cases, in agreement with the Hall effect results.

The results described above show that very little
passivation ((HC]/[C] < 0.05) occurred in the base
region of the HBT structure, even though ~47% of
C acceptors were passivated in the single C-doped
GaAs layer used for doping calibration which was
grown under identical conditions. A likely expla-
nation is that hydrogen is unable to penetrate the
n-type InGaP emitter during post-growth cool-down,
since we have shown that the cool-down in an AsHj/
H, ambient determines the amount of passivation
in C-doped GaAs layers whose surface is exposed
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during cool-down. The results described for the HBT
seem to imply that very little hydrogen passivation
occurs during growth at 625° C, and that passiva-
tion may not occur in the buried base layer during
post-growth cool-down.

Another possible explanation for this behavior is
that hydrogen incorporated during growth of the base
can diffuse out of the sample during growth of the
InGaP emitter due to the replacement of AsH, with
PH; in the growth ambient. It has been shown that
Zn acceptors in InP may be more highly passivated
by hydrogen generated from pyrolysis of AsH; than
from PH;.* Thus in our case, removal of AsH, from
the growth ambient could result in a lower concen-
tration of atomic hydrogen at the surface during
growth, and a net out-diffusion of hydrogen from the
C-doped GaAs during initial stages of growth of the
emitter.

C. Carbon-doped InGaAs

We have also investigated the effect of hydrogen
passivation on C-doped Ing;3Gay,As. The major
difference between growth of C-doped InGaAs and
GaAs is that lower growth temperatures are re-
quired to achieve high carbon incorperation in
InGaAs. The fraction of C acceptors passivated is
shown as a function of the hole concentration after
annealing (P.nneaed) in Fig. 4. The passivation was
reversed by annealing at 400° C for 5 minutes in
N, and the fraction of acceptors passivated was de-
termined by comparing the hole concentration be-
fore and after annealing, as described above for C-
doped GaAs. SIMS has been used to confirm the
presence of carbon and hydrogen in these layers, but
the concentrations of C and H have not yet been
quantified by comparison with appropriate calibra-
tion standards.

The effect of re-cooling these C-doped InGaAs lay-
ers in the same ambient used during the original
post-growth cool-down was also studied. Samples
were first annealed at 400° C in N, to reverse the
original passivation. They were then heated to
500° C, held at that temperature for 2.5 minutes,
cooled to 250° C in AsH;/H, ([AsH;] = 3 x 107%),
and then cooled the rest of the way to room tem-
perature in H,, as described earlier for GaAs. QOhmic
contacts were then made, and Hall measurements
were performed. As in the case of C-doped GaAs, we
found that the fraction of C acceptors passivated re-
turned to nearly the same value as that measured
immediately after growth, as shown in Fig. 4.

The trend of increasing degree of passivation with
increasing doping level shown in Fig. 4 is similar
to the trend we have observed for GaAs. However,
the C-doped InGaAs layers are much more highly
passivated than GaAs layers for comparable doping
levels and thicknesses. For example, an In,s3Gag ;As
layer with Pannesiea ~ 1 X 10" em™2 is ~80% pas-
sivated immediately after growth, while a GaAs layer
with Paneaea ~1 X 10" em™ is ~20-30% passi-
vated. These values are dependent on the cool-down
ambient, but the difference between GaAs and
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InGaAs is significant. In fact, we have found that
for In, Ga,_,As where x ~ 0.7, n-type conduction is
observed after growth, but the layers become strongly
p-type (p > 5 x 10'7 em™®) after annealing in N,.
Single In,s;Gag4,As layers were grown on InP
substrates at 525° C, and cooled under different am-
bients (AsH,/H,, PH3;/H,, or 100% H,) to inves-
tigate the effect of cool-down on thin (~10004) lay-
ers. All of the samples were grown under identical
conditions, and the hole concentration for each of
these layers was measured to be 1.2 x 10 ¢cm™
after annealing at 400° C in N,. The as-grown hole
concentration for samples cooled in varying AsHs/
H, and PH,/H, mixtures is shown in Fig. 5. AsH;
was found to produce more highly passivated layers
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cool-down. The hole concentration for all of these samples is ~1.2
X 10*® cm~? after annealing at 400° C in N, for 5 minutes.
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than PH;, as demonstrated by the lower as-grown
hole concentration for samples cooled in AsH;/H,.
This is likely due to the fact that the As-H bond in
AsHj is weaker than the P-H bond in PH;, so more
efficient pyrolysis of AsH; should result in more
atomic hydrogen becoming available at the surface
during cool-down. The data also show that the
amount of AsH; or PH; present during cool-down
can affect the degree of passivation. One sample was
cooled in a 100% H, ambient after growth, and the
as-grown hole concentration measured 8.4 x 10'®
cm°, suggesting that hydrogen passivation of C-
doped InGaAs can occur in the absence of AsH; or
PH; during cool-down. We also note that the frac-
tion of C acceptors passivated is slightly higher for
a 1000A-thick InGaAs layer (~0.94) than for an
8000A-thick layer (~0.76) grown under the same
conditions and cooled in the same ambient (AsH,/
H,, with {AsH;] ~ 3 x 107%.

Several of the samples described above were placed
back in the MOCVD reactor, heated to 500° C, and
cooled in the same ambient which was present dur-
ing the original post-growth cool-down. In each case,
the sample was divided into two pieces—one which
had been annealed in N, to reverse the original pas-
sivation, (a), and one which was left in the passi-
vated state, (b). The results are given in Table I.
Sample #420, for example, was originally cooled in
an AsH,/H, ambient. Both pieces of the sample (420a
and 420b) were measured to have the same hole
concentration (p ~ 2 X 10" ecm™) after being re-
cooled in the same ambient as was measured after
growth. This shows that the degree of passivation
is determined by the cool-down—the original state
of passivation was restored in sample 420a, even
though the hydrogen passivation which had oc-
curred during the post-growth cool-down had al-
ready been reversed. It can also be seen that no fur-
ther decrease in hole concentration was observed in
sample 420b after re-cooling in the same ambient.
The original state of passivation was maintained in
sample 420b, so there was no net change in the
number of C acceptors passivated. Similar results
can be seen for samples cooled in PH;/H, or H, only.
The fact that sample 422a was re-passivated by re-
cooling in H, demonstrates that passivation can oc-
cur as a result of cooling in H, only.

D. InP/InGaAs HBTs

We have also investigated the passivation behav-
ior in InP/InGaAs HBTs with a carbon-doped base.
The dc performance of these devices has been re-
ported elsewhere,? and the discussion here will be
limited to the passivation behavior. The base region
was grown under the same conditions as the 1000A
thick layers described in the previous section. The
rest of the device structure was grown at 625° C.
TLM patterns were employed to measure the base
sheet resistance for these structures. Hall effect
measurements on the base region proved to be un-
reliable due to parallel conduction in the collector
and subcollector, so in order to examine the behav-
ior in the base region by Hall effect, a pseudo-HBT
structure, in which the collector and subcollector
were left out, was grown on a semi-insulating InP
substrate. Hall measurements were performed on
this structure after removal of both the emitter cap
and emitter using selective etching.

The effect of hydrogen passivation on the base re-
gion is summarized in Table II. The as-grown hole
concentration for an 8000A thick base doping cali-
bration layer was 3 X 10™ cm™>. After annealing at
400° C in N, the hole concentration increased to 1.2
X 10" cm™3. The base sheet resistance was mea-
sured for three cases. In the first case, the emitter
was removed and no anneal was performed, and a
sheet resistance of 1350 {2/sq was measured. This
corresponds to an estimated hole concentration of
~7 x 10" em™3. In the second case, the sample was
annealed after removing the emitter, but before
evaporation of the Ti/Pt/Au contacts. The sheet re-
sistance measured 800 §2/sq, indicating nearly com-
plete reversal of the passivation. In the last case,
the sample was annealed before etching off the
emitter, and the base sheet resistance was 1620 £/
sq. Thus, the passivation was not reversed in the
case where the n-type emitter structure was left in-
tact during the anneal. The results of Hall effect
measurements on the pseudo-HBT structure are also
shown in Table II. The reason for the slight increase
in the passivation for the case where the emitter is
removed after annealing is not clear at present. The
hole concentration in thin InGaAs layers is not af-
fected by submerging in the etch used to remove the

Table I. The effect of various cooling ambients on the hole concentration in 1000A-thick C-doped
Ings53GagesAs layers. All samples exhibit a hole concentration of 1.2 x 10" cm™ after annealing at 400° C in
N, for 5 minutes.

As-Grown Hole

p After Re-Cooling in

Sample Post-Growth Cool-Down Concentration Annealed Same Ambient
# Ambient (10" cm™?) in Ny? (10'® ecm ™)
420a AsH;/H,, [AsH;1~5x107° ~0.2 Y ~0.2
420b AsHz/H,, [AsH;1~5x1073 ~0.2 N ~0.2
421a PH,/H,, [PH;]~2%x107? 2.4 Y 3.3
421b PH;/H,, [PH;]~2x102 2.4 N 3.2
422a 100% H, 9.5 Y 9.4
422b 100% H, 9.5 N 9.8
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Table I1. The effect of passivation of carbon acceptors on electrical properties of the base region of InP/
InGaAs HBT structures.

TLM

Hall Hall TLM (estimated)
Sample Condition p(10® cm™?) wlem?®/Vs) R,(£2/sq.) p(10'® cm™3)
Base doping calibration as-grown 3 71 — —
Base doping calibration annealed 12 65 — —
HBT as-grown — — 1350 7
HBT etched emitter/annealed — — 800 12
HBT annealed/etched emitter — — 1620 6
pseudo-HBT as-grown 6.8 67 — —
pseudo-HBT etched emitter/annealed 12 65 — —
pseudo-HBT annealed/etched emitter 5.3 65 — —

emitter (HC]:H,O at room temperature), so the etch
is not the source of the passivation.

These results show that acceptor passivation did
occur in the base region of these devices, in contrast
to the case of the InGaP/GaAs HBTs described ear-
lier. The base region, however, was not as highly
passivated as the base doping calibration layer. It
also appears that hydrogen may not be able to es-
cape the base during an anneal at 400° C if the
emitter is in place. This could be due to trapping of
positively ionized hydrogen (H") in the base region
by the built-in fields at the base-emitter and base-
collector p-n junctions.

The fact that passivation occurs in the base re-
gion implies that either hydrogen is incorporated
during growth of the C-doped InGaAs base, or that
hydrogen can penetrate the n-type InGaAs cap and
InP emitter to reach the base during cool-down. To
find out whether hydrogen could be incorporated
during growth, two more samples identical to the
base doping calibration layer were grown, but cooled
under different conditions. For the first sample, the
flow of AsH; was stopped immediately after growth,
and the sample was cooled in a 100% H, ambient.
The as-grown hole concentration was ~5 x 10" cm ™3,
and increased to ~1.2 X 10" ¢cm™? after annealing.
For the second sample, the flow of AsH; was also
stopped immediately after growth, but the sub-
strate temperature was then maintained at 500° C
for 5 minutes in a 100% H, ambient before cooling
in H,. The as-grown hole concentration in this case
was ~9 X 10’ cm™3. The fact that less acceptor pas-
sivation occurred in the second sample suggests that
hydrogen was annealed out of the sample during the
5 minute in situ anneal in Hy,—a net flow of hy-
drogen out of the sample occurred during this time.
In other words, much of the passivation in the first
sample (and in the base of the HBT structure) was
due to hydrogen incorporated during growth. We
have not attempted to determine the source of the
hydrogen incorporated during growth, and cannot
rule out the possibility that hydrogen from the col-
umn III metalorganic sources could play a role,
together with AsH; and H,.

We have also grown 1000A-thick C-doped InGaAs
layers (at ~525° C) with an n-type InP cap to in-
vestigate the effect of n-type cap layers on trapping
of hydrogen in C-doped InGaAs. The n-InP cap lay-

ers were grown at 525° C or 625° C. In the case of
growth at 525° C, a 6 second pause was used to switch
from AsH; to PH; between growth of the InGaAs
and InP. In the case of growth of the InP cap at
625° C, a 4 minute growth pause under an AsHj;/
H, ambient was used to raise the temperature from
525° to 625° C following growth of the InGaAs. A
similar growth pause was used for the InP/InGaAs
HBT structures described earlier. The hole concen-
tration of the C-doped InGaAs layers was then mea-
sured using Hall effect after removal of the InP cap
by selective etching. The as-grown hole concentra-
tion of the InGaAs was ~4—5 x 10 ¢m™® when the
InP cap was grown at 525° C, and ~6-7 x 10’ em™®
when the InP cap was grown at 625° C. In both cases,
the hole concentration after annealing at 400° C in
N, (with the InP cap already etched off) was ~1.2
x 10" e¢m™®. Thus it appears as though some hy-
drogen may leave the InGaAs layer during the
growth pause and heating to 625° C, resulting in less
passivation.

IV. SUMMARY AND CONCLUSIONS

We have shown that the post-growth cool-down is
very important in determining the amount of hy-
drogen passivation in heavily C-doped GaAs grown
by MOCVD. The fraction of C acceptors passivated
is highest for the most heavily doped samples. This
passivation can be reversed by annealing in a hy-
drogen-free ambient at ~400° C. Nearly 100% elec-
trical activation of C is observed for hole concen-
trations as high as 3.6 X 10%° cm™? after annealing
at 400° C in N,. No measurable passivation was
observed, however, in the C-doped base region of
InGaP/GaAs HBTs, suggesting that very little hy-
drogen is incorporated during growth at 625° C, and
that H may be unable to incorporate in the buried
C-doped GaAs base layer during post-growth cool-
down.

Heavily C-doped Ing;3Gayq;As layers are even
more susceptible to passivation during post-growth
cool-down. All of the cooling ambients studied (AsHs/
H,, PH,/H,, and 100% H,) resulted in measurable
passivation. Hydrogen is also incorporated during
growth of C-doped InGaAs at ~525° C, and leads to
significant passivation in the base region of InP/
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InGaAs HBTs with a C-doped base. Further work
is required to determine the optimal scheme for
growth and processing of these HBTs to minimize
the effects of hydrogen passivation.

We have identified three important parameters
which affect the hydrogen passivation of heavily C-
doped GaAs and InGaAs grown by MOCVD: (1) the
post-growth cool-down ambient; (2) the acceptor
concentration; and (3) the location of the C-doped
layer in the device structure. The results of this
study, together with work by Antell et al.2® and Cole
et al.** on p-type InP, suggest that the effect of the
cool-down ambient on acceptor passivation is an im-
portant consideration for growth of p-type semicon-
ductors by MOCVD.
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