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DC and High Frequency Characterization of Metalorganic Chemical Vapor Deposition (MOCVD)
Grown InP/InGaAs PNP Heterojunction Bipolar Transistor
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InP/InGaAs PNP heterojunction bipolar transistor (HBT) layers have been grown by metalorganic chemical vapor deposition
(MOCVD) and devices have been fabricated using a self-aligned processing technology. A zinc-doped InP layer has been
employed as the wide-bandgap emitter layer for the PNP HBT. The base layer used a 500Å thick n-type InGaAs layer doped
at 5× 1018 cm−3. Successful high frequency operation of these devices has been demonstrated. A single-emitter 1× 20µm2

MOCVD-grown PNP InP/InGaAs HBT achieved current gain cutoff frequency (fT) of more than 11 GHz at a current density
(JC) of 8.25× 104 A/cm2. [DOI: 10.1143/JJAP.41.1143]
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1. Introduction

InP-based PNP heterojunction bipolar transistors (HBTs)
provide integration possibilities with their NPN counterparts,
which have demonstrated extraordinary high frequency oper-
ation and high current handling abilities.1–7) Although PNP
HBTs are inherently inferior to their NPN HBT counterparts
due to the slower hole than electron transport characteristics,
these devices find still a wide range of applications, particu-
larly as monolithic integrated complementary InP NPN-PNP
HBT amplifiers.8) Circuits employing complementary HBT
technology include push-pull power amplifier to improve the
efficiency and linearity.9,10) PNP HBTs could also be used
to implement active loads for NPN HBTs in order to save in
space compared to what is occupied by large value resistors.

GaAs-based PNP HBTs have been studied extensively
over the years. Due to the maturity of GaAs-based technol-
ogy, the best PNP HBT performance was achieved using
an AlGaAs/GaAs material design. A cut-off frequency (fT)
of 33 GHz and maximum frequency of oscillation (fmax) of
66 GHz were demonstrated by an Al0.4Ga0.6As/GaAs HBT
design with 325̊A, 7 × 1019 cm−3 base and 2300̊A 7 ×
1016 cm−3 collector.11)

InP-based PNP HBT research and development has been
mainly concentrated on HBTs employing InAlAs as emit-
ters. The best InAlAs/InGaAs PNP HBTs achievedβ = 13,
fT = 12 GHz, fmax = 35 GHz12) andβ = 26, fT = 19 GHz
and fmax = 27 GHz.13) The HBT designs had base layers uni-
formly doped to 5× 1018 cm−3 with base thickness of 500̊A
and 350Å respectively. Other results included DC perfor-
mance for InAlAs/InGaAs/InAlAs DHBTs withβ = 70 and
BVCEO = 12 V.14,15)A HBT design with 330̊A, 7×1018 cm−3

base and graded base-emitter junction demonstratedβ = 170,
fT = 14 GHz andfmax = 22 GHz.16)

The only previous report on PNP InP/InGaAs HBTs, as
to our knowledge, was by Lunardiet al.17) The HBT layers
for the reported device were grown by metalorganic molec-
ular beam epitaxy (MOMBE) and employed a 600Å, 5 ×
1018 cm−3 base layer. Devices made on these layers demon-
stratedβ = 20, fT = 11 GHz andfmax = 25 GHz.17) A first
report on metalorganic chemical vapor deposition (MOCVD)
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grown PNP HBT layers was recently made by the authors.18)

The work reported here provided further details on the design,
growth, material, and device properties of PNP InP/InGaAs
HBTs grown by MOCVD.

2. MOCVD Growth of PNP InP/InGaAs HBTs

All the material growth done in this study was carried out
in a modified EMCORE GS3200 low-pressure metal organic
vapor deposition (MOCVD) system. The stainless steel reac-
tor was constructed in a vertical configuration. The carrier gas
is H2 purified by a palladium cell. For all the material growth
experiments carried out in this study, the chamber pressure
was maintained at 60 Torr.

The PNP InP/InGaAs HBT structure is shown in Fig. 1.
It is composed of a 5000̊A p+-InGaAs subcollector, 3000̊A
p−-InGaAs collector, 500̊A n+-InGaAs base, 100̊A undoped
InGaAs spacer, 1500̊A P-InP and 700̊A P+-InP as emitter,
and a 2000̊A p+-InGaAs emitter cap layer.

The nominal n-type base doping concentration is 5×
1018 cm−3. Notice that this value is relative low compared
to the typical p-type base doping concentration of a NPN
transistor (2× 1019 cm−3), This is due to the fact that lower
base resistance can be achieved using n-type material than us-
ing p-type material because of the superior electron transport
characteristics. Moreover, due to the slower hole transit time
in the base, it is necessary to use lower base doping concen-
tration for PNP transistors to ensure a higher current gain.

The growth was carried out at a growth temperature of
570◦C. DeZn and Si2H6 were used as p-type and n-type
dopants respectively. The key for PNP layer growth was to
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Fig. 1. Layer structure of PNP InP/InGaAs HBTs grown by MOCVD.
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achieve high doping concentration for InGaAs subcollector
and obtain low doping concentration for the collector layer. In
the present MOCVD growth system, the p-type doping range
when using DEZn was 1×1018 cm−3 to 2×1019 cm−3. While
the highest doping concentration is enough for subcollector
and emitter cap doping, the limited minimum doping concen-
tration (1 × 1018 cm−3) could degrade the HBT performance
as will be described later. Moreover, it is well known that the
incorporation efficiency of zinc into InGaAs is 5 to 10 times
higher than into InP. Therefore, zinc tends to diffuse through
InP into the n+ InGaAs base. This could also result in the
degradation of HBT performance.

Degradation of device performance due to zinc diffusion
from base into emitter has been observed in NPN InP/InGaAs
HBTs.19, 20) To prevent the zinc diffusion from base to emit-
ter in a NPN transistor, low growth temperature (550◦C) was
found to be effective.20) In this study, the growth temperature
of 570◦C was adopted because it provides the best material
quality. It has been used to grow high quality NPN transistors
and no abnormal zinc diffusion from base into emitter has
been found.21) Therefore, the observed zinc diffusion from
InP emitter to base in the PNP transistor grown by MOCVD in
this study was not a direct result of high base growth tempera-
ture but rather the inherent higher incorporation efficiency of
zinc into InGaAs than into InP.

3. DC Performance of PNP InP/InGaAs HBT Grown by
MOCVD

MOCVD-grown InP/InGaAs PNP HBTs were fabricated
by using a self-aligned, all wet etch-based process. The p-type
metal used in the fabrication was Pt/Ti/Pt/Au and the n-type
metal was Ti/Pt/Au. After each p-type metallization, the wafer
was annealed at 375◦C for 7 s by using rapid thermal anneal-
ing (RTA) to improve the ohmic contact.

Figure 2 shows DC common emitter IC–VEC characteris-
tics of PNP InP/InGaAs HBTs with 1×20 µm2 emitters. The
HBTs show strong Early effects as a result of the small base
width. The gain increased consequently rapidly as the emitter-
collector voltage VEC increased. For example, at VEC = 3.0 V,
IB = 0.6 mA, beta of the measured transistor was 28.

However, due to the base push-out, the transistor gain re-
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Fig. 2. Common-emitter IC–VEC characteristics for 1 × 20 µm2 PNP
InP/InGaAs HBT.
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Fig. 4. Gummel plot of 1 × 20 µm2 PNP InP/InGaAs HBT.

duced sharply as the collector current/base current increased.
Figure 3 illustrates beta as a function of emitter-collector volt-
age and base current. There are two features noticed, first
the gain increased as the emitter-collector voltage increased,
for example, at IB = 0.6 mA, beta increased from 9.0 at
VEC = 1.5 V to 28.0 at VEC = 3.0 V. This is attributed to the
small Early voltage due to the thin base. It is also noticed that
the gain compressed very rapidly as the base current/collector
current increased. As can be seen, beta at VEC = 3.0 V de-
creased from 28 at IB = 0.6 mA to 17.2 at IB = 1.2 mA. This
shows strong base push-out effects of the PNP InP/InGaAs
transistor fabricated and is a direct consequence of the short
diffusion length and low transport velocity of the holes.

A Gummel plot of 1 × 20 µm2 PNP InP/InGaAs HBT is
shown in Fig. 4. As can be seen, the ideality factors for collec-
tor current and base current were 1.3 and 2.5 respectively. The
base current is composed of the electrons injected for recom-
bination with holes in the neutral base as well as the electrons
back injected across the base-emitter junction. The large base
ideality factor suggested that there is considerable amount of
recombination in the base-emitter space charge region, the de-
pleted spacer and/or along the external surfaces of the emitter
mesa. The device showed considerable presence of base leak-
age current, which may to a great extent, be introduced by
the fact that the band discontinuity appears primarily in the
valence band rather than conduction band between InP and
InGaAs; the conduction band discontinuity in InP/InGaAs is
approximately 200 meV as compared with 400 meV band dis-
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Fig. 5. Current gains as a function of current density for 1 × 20 µm2 PNP
InP/InGaAs HBT.

continuity in InAlAs/InGaAs.
Figure 5 shows the current gain as a function of col-

lector current density for PNP InP/InGaAs HBT grown by
MOCVD. The differential current gain hfe was larger than
large-signal current gain hFE as a result of the larger base cur-
rent ideality factor than collector current ideality factor ac-
cording to the following equation:

hfe = �IC

�IB
= nB

nC
× IC

IB
= nB

nC
× hFE > hFE (1)

where nB and nC are base current and collector current ideal-
ity factors respectively.

For example, the peak hfe was 11 while the peak hFE

was about 6. Noticed for general Gummel plot measurement,
VEC = VEB. The current gain could be significantly higher
at larger VEC as illustrated in Figs. 2–3. It is also noticed
that both differential and large-signal current gain decreased
sharply at collector current density larger than 20–30 kA/cm2.
This is due to the significant base push-out when the collector
current density exceeds the critical value.

Compared with the previous reported MOMBE-grown
PNP InP/InGaAs HBT, lower DC gain (11 versus 20) was
observed from the fabricated MOCVD-grown PNP HBT. The
reason is most likely due to the lower minority (hole) carrier
lifetime in MOCVD grown HBT than that of previously re-
ported MOMBE grown HBT. However, the DC gain value is
expected to increase by further optimization of the MOCVD
growth conditions and therefore the improvement in material
quality.

Figures 6(a) and 6(b) show the Second Ion Mass Spec-
troscopy (SIMS) results for typical PNP HBTs grown by
MOCVD in this work. It is interesting to study the imposed
difficulty in growth of this HBT structure and its direct effects
on device fabrication and device characteristics. As men-
tioned above, zinc dopants have relatively high diffusion co-
efficient and can cause severe degradation in NPN HBT de-
vices. The control of zinc dopant profile is even more criti-
cal in case of PNP HBT structures. In a typical InP/InGaAs
PNP HBT structure, zinc is used in doping purposes for p+
InGaAs subcollector, p− InGaAs collector, P InP emitter, P+
InP emitter, as well as, p+ InGaAs emitter cap layer. A variety
of issues are involved in growing this structure.

Figure 6(a) shows the profile of the n-type Si-dopant in
the MOCVD-grown PNP HBT structure. As can be seen, the

n-type dopant was precisely confined in the base layer and
the base layer thickness was approximately 500 Å as expected
by the design. The n-type doping concentration was about
5 × 1018 cm−3, which was again the design value.

Figure 6(b) shows the zinc dopant profile of the MOCVD-
grown PNP HBT. Several features need to be addressed. First,
the zinc dopant diffused into the InP substrate from the heav-
ily doped InGaAs subcollector. A zinc dopant tail approxi-
mately of 1500 Å was observed to penetrate into the InP sub-
strate. The concentration of zinc dopant (5 × 1017 cm−3 to
1 × 1018 cm−3) diffused into InP was much lower than that
of InGaAs subcollector (2 × 1019 cm−3). This diffusion from
InGaAs subcollector to InP substrate should not affect the
device characteristics since the diffused zinc concentration
(5 × 1017 cm−3) was much lower than that of p-type heav-
ily zinc doped InGaAs subcollector (2 × 1019 cm−3). The dif-
fused zinc dopant depth was also much smaller (∼ 1500 Å vs
5000 Å).

The second feature noticed is the doping concentration of
zinc-doped p-type InGaAs collector. The lack of double di-
lution line for DEZn dopants in the present MOCVD system
causes a difficulty in obtaining low p-type doing concentra-
tion. As a result, the minimum available p-type doping con-
centration of the MOCVD system used in this work was rela-
tively high (1017 cm−3 to 1×1018 cm−3). The MOCVD grown
PNP HBT structure in this study employed the lowest doping
concentration available and as can be seen from Fig. 6(b), this
corresponded to ∼ 1 × 1018 cm−3, which was still about one
order of magnitude higher than the desirable collector doping
concentration of 5 × 1016 cm−3 to 1017 cm−3. The larger than
desirable collector doping concentration could cause the in-
crease of base collector capacitance and eventually the degra-
dation of the high speed performance of the PNP HBT, es-
pecially fmax. A detailed discussion of these issues will be
presented later along with the experimental results.

The ideal base-emitter junction of the designed PNP
InP/InGaAs HBT structure included a 500 Å n+ InGaAs
base (5 × 1018 cm−3) followed by 100 Å undoped InGaAs
spacer, 1500 Å P InP (8 × 1017 cm−3) and 700 Å P+ InP
(2×1018 cm−3) emitter. The maximum p-type doping concen-
tration of InP was 2×1018 cm−3 because of the relatively low
saturation level for p-type material. The SIMS profile shows
that the entire InP emitter area was doped at 1×1018 cm−3 due
to the zinc dopant diffusion and the relatively low saturation
level for P-type InP.

Another feature shown in Fig. 6(b) is the zinc dopant pile
up on the InGaAs side of the base emitter junction. A 300 Å
zinc-doped InGaAs was formed at the base emitter junction
due to the zinc diffusion from the InP emitter. The formation
of such layer was due to the fact that the zinc incorporation
efficiency of InGaAs is 5 to 10 times higher than that of InP.
For example, using the same DEZn flow rate of 50sccm, the
resulted doping concentration for p-type InGaAs was 1.6 ×
1019 cm−3 while it was only 2 × 1018 cm−3 for p-type InP
material. The over-saturated zinc dopants were diffused from
InP emitter to InGaAs base and spacer. As a result, a zinc-
doped InGaAs layer at the base emitter junction was formed.

Based on the results shown in Figs. 6(a) and 6(b) and
consideration made above, it is concluded that the “ real”
base emitter junction structure of MOCVD grown PNP HBTs
was as follows: a 300 Å n+ InGaAs base (5 × 1018 cm−3) a
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Fig. 6. (a): SIMS profile for InP/InGaAs PNP HBTs (Si dopant). (b): SIMS profile for InP/InGaAs PNP HBTs (zinc dopant).
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300 Å p+ InGaAs spacer (∼ 1–1.5 × 1019 cm−3) instead of
the initially designed 500 Å n+ InGaAs base (5 × 1018 cm−3)
and 100 Å undoped spacer (∼ 5 × 1015 cm−3). Therefore, the
MOCVD grown PNP HBTs shown in Figs. 6(a) and 6(b) had
an effective homojunction between the n+ InGaAs base and
the zinc diffusion formed p+ InGaAs layer. This could con-
sequently lead to lower emitter injection efficiency as well as
more base leakage current and recombination.

In order to speculate the effects of the growth profile ob-
served in Figs. 6(a) and 6(b), device simulations were done
for two sets of HBT structures. The first one corresponded
to the original design as described in Fig. 1. The second one
is similar except that the “ real” base emitter junction struc-
ture was used. The new junction design included a 300 Å n+
InGaAs base layer and a 300 Å p+ InGaAs spacer formed by
zinc diffusion. A commercially available device simulation
tool “MEDICI” was used for the analysis.

The simulated Gummel plots for these two HBTs designs
are shown in Fig. 7. As can be seen, the major difference be-
tween these two sets of devices was the larger base leakage
current for the device with p+ InGaAs spacer. It is under-
standable that as the homojunction formed by the p+ InGaAs
spacer and n+ InGaAs base could not effectively block the
electrons, higher back injection current could be present due
to the lack of bandgap discontinuity at the conduction band.
As a result, the base leakage current was higher and the emit-
ter injection efficiency was reduced, especially at low VBE bi-
asing voltage.

To solve this problem, two approaches could be adopted.
The first one is to increase the spacer width. A larger spacer,
such as 200 Å instead of 100 Å could be employed to reduce
the DEZn diffusion into the n+ InGaAs base. The second one
involves significant decrease of DEZn flow during the growth
of the InP emitter. However, a decrease of the InP emitter dop-
ing concentration could also reduce the current gain of the
HBT devices. Moreover, in order to reduce the collector dop-
ing concentration, the MOCVD system used in this work has
to be modified to include double dilution lines for the DEZn
precursor. A much larger dynamic range could be obtained us-
ing such approach than using the current approach, which em-
ploys a single gas line for the DEZn precursor. For example, a
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doping concentration range of 5×1016 cm−3 to 2×1019 cm−3

could be achieved by reconfiguring the single line to double
dilution line for DEZn precursor, which corresponds to a dy-
namic range of 400.

4. Microwave Performance of InP/InGaAs PNP HBT
Grown by MOCVD

Small signal S-parameters were measured using an
HP8510B network analyzer and coplanar probes from
0.5 GHz to 25.5 GHz. Figure 8 shows the microwave perfor-
mance of a 1 × 20 µm2 HBT biased at VEC = 3.0 V and
IC = 16.6 mA. fT and fmax were found to be 11.2 GHz
and 8.1 GHz respectively. While the fT performance com-
pares with that of similar designs grown by MOMBE ( fT

of 10.5 GHz17)), the fmax was considerably lower ( fmax of
25 GHz17)). This is due to the limitation of minimum con-
trollable p-type doping concentration in the MOCVD system
used for growth of these device layers. (minimum p-doping
concentration of 1 × 1018 cm−3 was possible in this system
instead of the desirable value of 1016–1017 cm−3 for collector
doping).

As a result, the base-collector capacitance CBC was high
and the fmax performance was degraded considerably. For ex-
ample, the collector doping concentration in the present HBT
structure was about one order of magnitude higher than the
desired value (1×1018 versus 5×1016 cm−3 −1×1017 cm−3).
This contributes to almost 10 times larger CBC than the HBT
with the desired low collector doping concentration. It is well
known that the maximum frequency of oscillation fmax is in-
versely proportional to square root of CBC. As a result, an
almost three times (

√
10 = ∼ 3) degradation in fmax was

observed (8.1 GHz versus 25 GHz). Further improvement in
fmax performance is expected to be feasible by controlling the
doping concentration of the collector.

From the fT and fmax measurements, the sum of base tran-
sit time and the collector charging time can be extrapolated.22)

The total emitter-to-collector delay τec is:

τec = 1
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1148 Jpn. J. Appl. Phys. Vol. 41 (2002) Pt. 1, No. 2B D. CUI et al.

10

11

12

13

14

15

16

17

18

19

20

0 0.05 0.1 0.15 0.2 0.25

1/IE (mA)

ec
=

1/
2

f T
(p

s)

11.2 ps

Fig. 9. τec as a function of the reciprocal of emitter current for PNP
InP/InGaAs HBT grown by MOCVD.

= 1

IE

(
kT

q
CBE + kT

q
CBC

)

+
[(

W 2
B

2Dp
+ WB

2vbc

)
+ Wc

2vc
+ (Rc + RE) CBC

]
(2)

where τe, τb, τpcd, and τc are the emitter charging, base transit,
pre-collector delay, and collector charging times; WB is the
neutral base width; WC is the collector depletion width; vbc

is the velocity with which electrons are swept into the base
collector depletion region; vc is the average electron velocity
in the collector.

Figure 9 shows the total transit time from emitter to col-
lector τec as a function of the reciprocal of the emitter current
for a 1 × 20 µm2 PNP HBT with VEC = 2.4 V. One can see
that τec follows the linear relationship with 1/IE at low cur-
rent levels. At high current levels, due to the Kirk effects, the
effective WB and CBC increase and therefore τec increases as
a result.

By extrapolating the region where τec follows linear rela-
tionship with 1/IE, one can find τ ′ at 1/IE = 0,

τ ′ =
(

W 2
B

2Dp
+ WB

vbc

)
+ Wc

2vc
+ (Rc + RE)CBC (3)

while Qd, the slope of the curve, is given by:

Qd = kT

q
CBE + kT

q
CBC (4)

The sum of base transit time and the collector charging time
τ ′ at 1/IE = 0 was found to be 11.2 ps. This almost accounts
for 75% of the total emitter to collector delay time which was
15.0 ps under the biasing condition of IE = 9.2 mA. It indi-
cates that the base transit time and the collector charging time
dominate the high frequency performance of the InP/InGaAs
PNP transistor, while other components such as emitter charg-
ing time and pre-collector delay time only account for 25% of
the total emitter to collector delay time.

The above results indicate that the high frequency perfor-
mance of InP/InGaAs PNP HBTs is to a great extent limited
by the use of uniformly doped InGaAs base. Composition-
ally graded base23) and doping graded base designs24) have
been employed in AlGaAs/GaAs material system to improve
the high speed performance of the PNP AlGaAs/GaAs HBTs.
Similar approaches can be applied to InP/InGaAs PNP HBTs,
where the introduction of electrical fields into the n-type base

region could aid the hole transition through the base and re-
duce the total emitter to collector transit time significantly.

Improvement is also expected by decreasing the collector
doping concentration as for example obtained by lowering
the minimum controllable p-type doping concentration from
high 1017 cm−3 to 1016 cm−3.17) Although this approach will
severe the base-push out (Kirk effects), it could reduce the
base-collector capacitance by increasing the collector deple-
tion width. As a result, the fmax performance could be im-
proved significantly over the present characteristics, which
are limited by the lowest controllable p-type doping concen-
tration of the present growth system.

5. Conclusion

PNP InP/InGaAs HBTs have been grown by MOCVD for
the first time and successful operation of these HBTs was
demonstrated. Gain of more than 10, fT of 11.2 GHz and
fmax of 8.1 GHz have been achieved by a 1 × 20 µm2 HBT.
While the cut-off frequency performance fT was comparable
with state-of-art results for InP/InGaAs PNP HBTs grown by
MOMBE, fmax was found to be lower. Growth limitations in
terms of the lowest achievable p-type doping concentration
for collector design are responsible for the observed differ-
ences. Furthermore, a zinc pile up layer on the InGaAs side
of the base emitter junction was observed due to the zinc dif-
fusion from the InP emitter. The formation of such layer was
due to the fact that the zinc incorporation efficiency of InGaAs
is 5 to 10 times higher than that of InP. The zinc pile up layer
increased the base leakage current and decreased the emit-
ter injection efficiency. These phenomena were confirmed by
the reported device simulation results. Finally, characteriza-
tion of the fabricated devices shows that the base transit time
and collector charging time dominate the high frequency per-
formance of PNP InP/InGaAs HBT.
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