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Abstract

Heavily C-doped p-type InGaAs has been successfully grown by metalorganic chemical vapor
deposition using CBr, as a C precursor. A doping concentration as high as 2x10"%cm™ has been
reached for as-grown (non-annealed) samples. Photoluminescence measurements have been
employed to obtain and compare the non-radiative lifetimes in C- and Zn-doped InGaAs. The
minority carrier lifetime of as-grown InGaAs.C samples is significantly lower than for as-grown
InGaAs.Zn for the same doping concentration. Carrier lifetimes range from 373ps
(p=6.6x10"°cm™®) to 1.5ps (p=2.3x10" cm™) in asgrown InGaAs.C, and from 6.8ns
(p=5.0x10"cm™®) to 16.8ps (p=2.1x10"cm™®) in InGaAs:Zn, respectively. InGaAs.Zn grown at
the same low temperature (450°C) as InGaAs.C has a higher minority carrier lifetime. The
minority carrier lifetime difference between InGaAs:Zn and InGaAs.C samples is attributed to
lower V/I1I ratio and hydrogen passivation, as well as, lower growth temperatures for the carbon
doped InGaAs samples.

1. Introduction

Using C doping for p-type InGaAs is very attractive permitted toachieve heavily C-doped p-type InGaAs

for high performance InGaAs/InP Heterojunction by MOCVD [5-6]. The low growth temperature and
Bipolar Transistors (HBTs) due to its low diffusivity low V/III ratio may degrade the material quality and
compared to traditionally used dopants such as Zn oisome important characteristics, i.e. minority carrier
Be [1-2]. The resulting stability of carbon doped lifetime, which impact performance of devices such as
epilayers makes them very suitable for enhancedHBTSs. It is therefore of great interest to study the effect
reliability HBTs [3]. We have previously reported [4] of C doping, as well, as low growth temperature and
the successful growth of heavily C-doped p-InGaAs bylow V/III ratio on the minority carrier lifetime of
using metalorganic chemical vapor deposition InGaAs:C layers.

(MOCVD). Carrier concentration levels using the  Ajthough minority hole lifetimes in n-type InGaAs
reported approach were as h'|gh as Haf .for have been previously reported [7-8], very little
samples annealed at 6@0 Since carbon is of jnformation is currently available on minority electron
amphoteric nature in InGaAs, careful optimization of |ifetimes in p-type InGaAs [9-10]. Henry and
growth conditions is necessary in order to ensure th&oworkers [9] reported lifetimes in both n-type and p-
appropriate level of carbon doping. The optimization tyne |n,.,Ga,sAs. The reported lifetimes were based
objective is to favorably substitute carbon into As-sites oy experimental data of luminescence decay time and
rather than group IIl sites. Low growth temperature andjyminescence efficiency and the non-radiative electron
low VIl ratio were used for this purpose and |ifetime at p=2x18cmi® was found to be 7ns.
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In this study, room temperature and low
temperature photoluminescence (PL) measurements, as
well as, Hall measurements have been performed to
investigate the recombination mechanisms of
InGaAs.C and InGaAs:Zn layers grown by MOCVD.
Minority hole lifetimes have been measured in lattice
matched InGaAs.Zn and InGaAs.C samples to study
the impact of growth conditions and dopant type.

2. MOCVD Growth of InGaAs.C and InGaAs.Zn

The InGaAs samples were grown in-house using an
EMCORE GS3200 LP-MOCVD system.
Trimethylindium  (TMIn) and  trimethylgallium
(TMGa) were used as In and Ga sources, respectively.
Pure arsine (AsH3) and phosphine (PH3) were used for
group V elements. Liquid CBr, was used as C
precursor and DEZn was used as Zn source. The
pressure of the growth chamber was maintained at
60torr. The susceptor was rotated at 100 rpm to
improve compositional and thickness uniformity [11].
All growth experiments were carried out on Fe-doped
semi-insulating (100) InP substrates.

Growth temperature was 450°C for heavily p-doped
InGaAs.C (10™-10"cm™®) to provide the best trade-off
between doping concentration and surface morphology.
Higher growth temperature (530°C) was used for low
and medium p-doping concentration (10™-10"cm™) in
order to improve the materia quality and surface
morphology. This temperature approaches the highest
limit where p-type InGaAs can be obtained using CBr,
as C precursor. Further temperature increase results in
n-type InGaAs due to the amphoteric nature of the
carbon dopant. V/I1I ratios were optimized to achieve
heavily doped p-type InGaAs.C (5-10 for InGaAs.C
compared with 30-50 for InGaAs:.Zn) and still maintain
good surface morphology. Further decrease of the V/II1
ratio results in degradation of the surface morphology.
The InGaAs:.Zn samples were grown at an optimized
growth temperature of 570°C. In order to investigate
the effect of growth temperature and dopant type, a Zn-
doped sample was also grown at 450°C.

3. Photoluminescence Char acterization

PL measurements at various excitation levels [12],
[13] have been employed to obtain direct information
on the non-radiative lifetime in carbon and zinc doped
InGaAs samples. The theoretical expression for the
photoluminescence (PL) intensity vs. excitation density
(I) contains a linear and a quadratic term. At low
excitation conditions, the PL signal depends on both
the non-radiative lifetime and the doping density. At

high excitation conditions, the PL signal depends
mainly on the non-radiative lifetime. Therefore, the
sope of the linear part of the curve of PL intensity vs.
excitation density of the laser can be used to obtain the
lifetime of minority carriers. The work presented in this
paper extends previously reported basic studies on
carrier lifetime [13] by systematically exploring the
impact of dopant choice, doping density, and growth
temperature in carbon and zinc doped InGaAs layers
designed for usein devices such asHBTSs.

The PL measurements were performed at The Uni-
versity of Michigan using an Ar-ion laser with a
maximum power of 150mW. Fig. 1 shows typical
curves for PL vs. | for C- and Zn-doped InGaAs,
indicating good agreement between theory (lines) and
measurement (points). The InGaAs:.Zn and InGaAs.C
samples had doping concentrations of 4.5x10"%cm™ and
4.7x10"cm® respectively. A large difference can be
observed between the C- and the Zn-doped InGaAs
samples at approximately the same doping
concentration, indicating a shorter lifetime in C-doped
InGaAs. In order to obtain absolute carrier lifetime
values, some samples were measured using the time-
resolved PL facility at CNET. A mode-locked Ti-Sa
laser at a wavelength of 870nm was used for this
purpose and the signal was detected with a sychroscan
streak camera. This alowed us to establish a carrier
lifetime reference value to which all other samples
could be compared.
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Fig. 1 Typical experimental relationships between PL
intensity (PL) and excitation density (1)

4. Minority Carrier Lifetime in MOCVD-grown p-
InGaAs

Minority carrier lifetimes of InGaAs.C and
InGaAs.Zn samples with different concentrations were
measured using this technique. Hall measurements



were performed to obtain the doping concentration and
mobility of these samples. For InGaAs.Zn, samples
grown a 570°C and 450°C were measured for
comparison. The Hall mobility as a function of doping
concentration for InGaAs:C and InGaAs.Zn samples is
shown in Fig. 2. The Hall mobility decreases as the
doping concentration increases for both InGaAs:Zn and
InGaAs.C samples. Fig. 2 aso shows that the Hall
mobility of InGaAs:C is approximately the same as
that of InGaAs:Zn samples over the entire doping
range. Also, as the growth temperature decreases from
570°C to 450°C, there is little impact on Hall mobility
values.
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Fig. 2. Hal mobility as a function of doping
concentration and growth temperature of InGaAs.C

and InGaAs.Zn samples

Fig. 3 shows the results of carrier lifetime as a
function of doping concentration for InGaAs.Zn and
INnGaAs.C samples. InGaAs:.Zn has an approximately
10 times higher carrier lifetime than InGaAs.C. As an
example, for the doping concentration of 2x10%cm?,
the InGaAs.Zn sample has a minority lifetime of
16.8ps while the InGaAs.C sample has a vaue of
1.5ps. The lower minority lifetime in InGaAs.C may be
due to low growth temperature and low V/III ratio
during growth, which is necessary for realization of p-
type doping. As the doping concentration decreases,
the minority carrier lifetime is found to increase to
373ps and 6.8ns for InGaAs:.C (6.6x10"°cm?®) and
InGaAs.Zn (5.0x10™°cm™®) respectively.

To investigate the possible reasons causing the
reduced lifetime in InGaAs.C, the impact of growth
temperature on minority carrier lifetime was studied by
measuring the InGaAs:.Zn sample grown at 450°C. Fig.

Carrier lifetime (ps)

4 showsthe PL intensity for InGaAs:Zn samples grown
at 570°C and 450°C. The doping concentrations for the
two samples grown at 570°C (3x10*%¥cm®) and 450°C
(4.5x10"cm’®) are approximately the same. As can be
seen from Fig. 4, the stronger PL intensity for the
sample grown at 570°C indicates a better material
aualitv than the one arown at 450°C.
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Fig. 3 Minority carrier lifetime in InGaAs.C and

InGaAs.Zn samples as a function of doping

concentration at various growth temperatures.
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Fig. 4 The PL intensity for InGaAs.Zn grown at
570°C and 450°C

As can be seen from the circled data points in Fig.
3, the carrier lifetime for InGaAs.Zn grown at 450°C
(56ps) is lower than the one grown at 570°C (~200ps)
for approximately the same doping concentration. This
is an indication of the degradation of the materia



quality as the growth temperature decreases and is
expected to hold for InGaAs.C, too. In other words, the
use of low growth temperature for InGaAs:C permitsto
ensure enhancement in carbon incorporation efficiency
but results in degradation of minority carrier lifetimes
compared with values that would have been achieved if
the material is grown at higher temperatures. Fig.3 also
shows that for nearly the same doping concentration
and the same growth temperature (450°C), a minority
carrier lifetime of 25ps is found for InGaAs.C
(4.7x10%cm®) compared to 56ps for InGaAsZn
(4.5x10%cm?®). The difference of minority carrier
lifetime between the two samples may be due to the
fact that lower V/I11 ratio is used for InGaAs:.C growth
in order to realize p-type doping. The significant
passivation of carbon acceptors by hydrogen atoms
may aso attribute to the lower minority carrier
lifetimes of as-grown InGaAs.C layers than those of
as-grown InGaAs.Zn layers.

The measured carrier lifetime can be used to extract
the gain B of HBTs and, therefore, to evaluate the
impact of dopant choice on device performance. The
diffusion coefficient in the p-InGaAs base was
obtained for this purpose from the Einstein relationship
by using mobility values available from Hall
measurements. For a base doping concentration of

comparison of the impact of dopant (C vs. Zn) choice,
doping density and growth temperature on carrier
lifetime was presented. The obtained results can be
related to the electrical characteristics of InP-based
HBTs. The minority carrier lifetime of as-grown
InGaAs:C was found to be lower than that of as-grown
InGaAs:Zn samples at the same doping concentration.
The low growth temperature and low V/IlI ratio, which
are necessary to obtain heavily p-type carbon doped
InGaAs and the significant hydrogen passivation of
carbon acceptors in InGaAs:C are considered to be the
main factors responsible for these characteristics.

Acknowledgment

The authors would like to thank A. Philippe and C.
Bru-Chevallier for help on PL measurement setup and
testing. This work is supported in part by MURI
(Contract no. DAAH04-96-1-0001)

REFERENCES

[1] K. Kurishma, T. Kobayashi, and U. Gosele, Appl.
Phys. Lett., Vol. 60, 1992, pp. 2498.

[2] P. Enquist, J.A. Hutchby and T.J.d. Lyo, J. Appl.
Phys., Vol. 63, 1988, pp. 4485-4902.

2x10%m? and base width of 600A, the base transit [3] F- Ren, T. R. Fullowan, J. Lothian, P. W. Wisk, C.

time estimated from 7 =W,*/2D is to be

R. Abernathy, R. F. Kopf, A. B. Emerson, S. W.
Doweny and S. J. Pearton, Appl. Phys. Lett. Vol.

approximately 0.35ps. Using a carrier lifetime of
16.8ps for InGaAs:Zn as measured by the described Pl[

tests for a doping concentration of 2.1¥%té° ap 41K
of approximately 50 can be estimated. This value of

ggg‘racggr]ir:t?css ;e?:]G;VAe!_Zn\/’:/:B ng?rasgésiesg?)lg Fresina, J.E. Baker, and G.E. Stillman, J.Electron.
’ Mater., Vol. 23, No. 8, 1994, pp. 791-799.

layers grown with our system. Moreover, the g Hong and D. Paviidis, J. Electron. Mater., Vol.
significantly lower minority carrier lifetime for as- 25, No. 3, 1996, pp. 449-455.

grown InGaAs:C samples suggests some limitation in[7] M. Gallant, A. Zemel, Appl. Phys. Lett., Vol. 22
achieving high performance InP/InGaAs HBTs using 1986, pp’. 1686-1688. ’ '

carbon as dopant. The low growth temperature and lowg] R, Trommer, L. Hoffmann, Electron. Lett., Vol. 22,
VI ratio during growth required for the realization of 1986, pp. 360-362.

high p-type doping concentrations in InGaAs:C are [9] C.H. Henry, R. A. Logan, F. R. Merrit, C. G.
considered to be the main factors influencing the Bethea, Electr. Lett., Vol. 20, 1984, pp.358-359

59, 1991, pp. 3613-3615.

. Hong and D. Pavlidis, Proc"IPRM, Sapporo,
Japan, 1995, pp. 144-147.

[5] S.A. Stockman, A.W. Hanson, C.M. Colomb, M.T.

device characteristics. [10] B. Sermage, J.L. Benchimol, G.M. Cohen"10
IIPRM, Tsukuba, Japan, 1998, pp. 758-760
Conclusion [11] K. Hong, C. Klingelhofer, F. Ducroquet, M. F.

Nuban, E. Bearzi, D. Pavlidis, S.K. Krawczyk

In conclusion, heavily p-type carbon doped InGaAs and G. Guillot, ¥ IPRM, Sapporo, Japan, 1995,
samples latticed matched to InP have been grown by 241-245. .
MOCVD using CBj as precursor. Photoluminescence [12] S-K. Krawczyk, The Encyclopedia of Advanced
as well as, Hall measurements have been performed 0[1 Materials, Pergamon, 1994, pp. 2318-2336.
both InGaAs:C and InGaAs:Zn epilayers. Minority 13] S.K. Krawczyk, M. Bejar, M.F. Nub_an, R.C.
carrier lifetimes have been evaluated using room Blanchet, B. Sermage, J.L. Benchimol, K.Hong,

: D. Cui, D. Pavlidis, 9 IPRM, Hyannis, MA,
temperature PL measurements. A  systematic 1997, 525-528.



