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The possibility of reliable and reproducible p-type doping of (311)4 GaAs by Si during
molecular-beam epitaxial growth and the application of such doping in the realization of
high-performance electronic devices have been investigated. It is seen that p-type doping upto a
free hole concentration of 410" cm ™ can be obtained under conditions of low As, flux and
high (3660 °C) growth temperatures. r-type doping up to a level of 1 10'° cm™2 is obtained
at low (<500°C) growth temperature and high As, flux. The p-type doping is extremely
reproducible and the incorporation of Si atoms into electrically active As sites is at least 95%.
The doping behavior has been studied and confirmed by Raman spectroscopy. n-p-n
heterojunction bipolar transistors grown by all Si doping exhibit excellent current voltage
characteristics and a common emitter current gain B=240. Doped channel p-type

heterojunction field-effect transistors have transconductance g,,=25 mS/mm.

I. INTRODUCTION

III-V compound semiconductors have been tradition-
ally grown on (100) substrates because of the wide range
of growth conditions which results in good epitaxial layer
quality and well-established device processing technology.
However, fundamental material properties, growth mech-
anisms, surface kinetics, and impurity incorporation can be
changed or improved by growing on crystal orientations
other than (100).1? From a technological point of view,
the importance of high-index surfaces is reflected in vari-
ous interesting material properties exhibited by the layers
grown on non-(100) surfaces. For instance, the use of vic-
inal surfaces of (100) can dramatically improve the quality
of epitaxial growth, such as in the case of GaAs on Si.* It
has been predicted’ and confirmed®’ that coherently
strained (110) and (111) layers will possess a large built-
in in-plane or out-of-plane piezoelectric field, which can
lead to a new class of electronic and optoelectronic devices.
Recent progress in epitaxial growth on patterned sub-
strates indicates that such techniques will provide an ad-
ditional degree of freedom in heterostructure band-gap en-
gineering, which will find uses in device applications.®’
Patterned substrate epitaxy inevitably involves growth on
high-index facets, which points to the necessity of under-
standing epitaxial growth on hlgh-mdex surfaces in its own
right.

High-index semiconductor surfaces present a unique
opportunity to study impurity incorporation during epitax-
ial growth. In particular, silicon doping characteristics in
III-V compounds have been known to depend on surface
orientation. Although it is a common r-type dopant for
(100) GaAs and AlGaAs, silicon shows strong amphoteric
behavior in other orientations. Earlier work® has shown
that Si acts as an-acceptor in GaAs grown on (n11)A4
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substrates during molecular-beam epitaxy (MBE) when
n<3, but behaves as a donor on (n11)4 for n>5 and
(n11)B for all values of n. There was also a report that Si
doping type could be controlled during MBE by varying
the growth temperature and V/III flux ratio.” Technolog-
ically, if the conductivity type of Si-doped GaAs or
AlGaAs can be reproducibly chosen and controlled at high
levels of doping (>10'® cm™3), it will be useful for many
practical devices. The importance and usefulness of Si also
arises from its small diffusion coefficient in most III-V
compounds. We have, therefore, made a detailed investi-
gation of the MBE growth and characteristics of Si-doped
GaAs and AlGaAs on (311)4 GaAs substrates and the
device applications of these materials and heterostructures.

l. GROWTH PROCEDURE

GaAs substrates oriented within 0.5° of the (311) ori-
entation were cut and polished with the 4 surface (Ga
terminated) designated. Both Si-doped »* and Cr-doped
semi-insulating substrates were used in this study. The sub-
strates were prepared by standard solvent degreasing, fol-
lowed by oxide etching in HCI:H,O (1:1) and a rinse in
de-ionized water. Etchants such as 5H,S0,:1H,0,:1H,0,
which is commonly used for preparing (100) GaAs, is not
used for (311) substrates, because it leads to surface
roughness. In some cases, (100)-oriented wafers were
mounted alongside (311)4 wafers on standard mounting
blocks for comparison.

Following standard thermal cleamng of the substrate
under As, flux, a superlattice buﬁ'er layer consisting of 50
A GaAs alternating with 50 A AlGaAs was first grown.
This superlattice was used to establish a better morphology
during the subsequent growth. 0.2-um-thick layers of
GaAs were grown with different Si doping Ievels and/or
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under different growth conditions. Two series of epitaxial
layers were grown. In the first the substrate temperature
was held constant and the V/III flux ratio was varied; in
the second the flux ratio was held constant and the growth
temperature was varied. The substrate temperature was
calibrated by observation of reflection high-energy electron
diffraction (RHEED) patterns during InP and GaAs sur-
face reconstructions. Molecular-beam equivalent pressure
(BEP) was measured by a nude ion gauge at the same
location as the substrate in growth position, and the beam
flux ratio was calculated as’

JAs4 PAs477(}a (TAs4MGa) 12

Joa Poallas \ TaaM As, D
where P is the measured BEP, 7 is the ionization efficiency
relative to nitrogen, T is the cell temperature, and M is the
mass. Experimentally, we assume the flux ratio to be unity
when the surface reconstruction on (100) GaAs switches
from As stabilized to Ga stabilized at a substrate temper-
ature of 550 °C. The growth temperature was varied in the
range 550-670 °C and the V/III flux ratio was varied be-
tween 1 and 5. The growth rate for GaAs is 0.7 um/h. The
growth was interupted between layers for changing the Si
cell temperature, which was varied from 1150 to 1350 °C.
In addition to the samples described above, thick reference
samples were also grown on (100)- and (311)A4-oriented
substrates under various growth conditions for Hall mea-
surement, secondary-ion mass spectrometry, and Raman
spectroscopy measurements.’

[li. ELECTRICAL PROPERTIES

Carrier types and concentrations of the different films
were measured by a capacitance-voltage (C-V) profiler us-
ing a solution of 0.1 M NaOH in de-ionized water as the
electrolyte to etch the sample surface in successive steps
under illumination. For the first group of Si-doped GaAs
samples grown with fixed V/III ratio ~1.0 and different
growth temperatures, the results are plotted in Fig. 1, to-
gether with data from the reference (100) samples. As
reported earlier,® all Si-doped films with (311)4 orienta-
tion exhibit p-type conductivity at all growth temperatures.
Notice that as the growth temperature is increased from
550 to 670 °C, the p-type carrier concentrations in (311)4
GaAs also increases to a maximum value of p=2.1x 10"
cm™3, which is higher than the n-type concentration
achieved in (100) GaAs grown under identical conditions.
This suggests that the Si doping efficiency in (311)4 GaAs
is greatly enhanced as the growth temperature increases.

The second group of Si-doped (311)4 GaAs samples
were grown at 650 °C under different As/Ga flux ratios.
During growth, the Si cell temperature was held constant
at 1350°C. The BEP of As, increased from 25 up to 80,
corresponding to a V/III flux ratio of 1.1 to 4.5. Two
arsenic sources were employed for the higher As fluxes.
Figure 2 shows the dependence of the measured carrier
concentration on As/Ga flux ratios. At a specified growth
temperature, Si doping in (311)4 behaves quite differently
from that observed in the first set of samples. The samples
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FIG. 1. Free-carrier concentration as a function of growth temperature.
During growth the As/Ga flux ratio was kept constant and the Si cell
temperature was varied. Note that the (311)4 layers are p type while the
(100) layers, which were grown during the same run, are n type.

exhibit p-type conductivity for low V/III ratio, but the
degree of compensation increases as the V/III ratio in-
creases. In fact, when the V/III ratio is >3, Si behaves as
a donor and the electron concentrations approach those
measured in the (100) reference samples. This indicates
that as the As flux is increased, more Si atoms are prefer-
entially incorporated in Ga sites.

Si-doped Aly1Gag,As layers grown on a (311)4 sur-
face show similar behavior. The data obtained from mea-
surements on Si-doped Al, ;Gag ;As samples are also plot-
ted in Fig. 2. It is evident that both GaAs and AlGaAs
show p-type conductivities at low V/IIII ratios (<1.5), but
convert to n type when the V/III ratio exceeds 2.5. The
(100) reference sample shows uniform n-type carrier con-
centration independent of the V/III ratios.

The amphoteric behavior of Si can be described by
Teramoto’s equation for the ratio of Si atoms incorporated
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FIG. 2. Carrier type and concentration of Si-doped GaAs and AlGaAs
grown on (311)4 GaAs substrates as a function of V/III flux ratio.
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on Ga sites to that on As sites (Dg,/D,,) in GaAs,!°

[Siga] XA3+1.4><103
[SiAs]— ‘YGa Ts )

For growth by MBE, Sig, (Si,,) is the number of silicon
atoms substituting on the Ga (As) sublattice, X, (Xg,) is
the number of As (Ga) vacancies on the growth surface,
and T, is the substrate temperature. It is clear that to
enhance Si incorporation on As acceptor sites, low As/Ga
flux ratios and high substrate temperatures are essential.
From our experiments, it is seen that at growth tempera-
tures above 660 °C and with a very small (~1) As/Ga flux
ratio, Si predominantly incorporates at As sites. Free hole
concentrations as high as 2.2 10! cm > have been mea-
sured in GaAs. On the other hand, to achieve a high elec-
tron concentration with acceptable mobilities, the As/Ga
flux ratio should be higher than 2.5, while maintaining the
growth temperature below 500 °C.

To study the efficiency of p-type doping with Si, a 1.5-
pm-thick film of Si-doped GaAs was grown on Cr-doped
semi-insulating (311)4 GaAs substrate at a temperature of
660 °C with As,/Ga~ 1. Hall measurements made on this
film give p=4.0%10"® cm™3 and p=100 cm?/(V s) at 300
K. The Si concentration in the film determined by
secondary-ion mass spectrometry (SIMS) is [Si]=4.2
X 108 cm 3. If we assume that all the Si atoms are elec-
trically active, then the Si p-type doping efficiency is ap-
proximately [p]/[Si]»95%, which clearly indicates that
under appropriate growth conditions, Si predominantly in-
corporates into the As site.

In

(2)

IV. RAMAN SPECTROSCOPY

To effectively correlate transport properties in Si-
doped GaAs films with MBE growth conditions, it is im-
portant to characterize the distribution of Si atoms among
the As and Ga sublattice sites. Raman and infrared (IR)
spectroscopy, probing local vibrational modes (LVM) in
crystals,!! are the most widely used techniques for this
purpose. Because of various reasons, the former technique
exhibits many advantages over IR spectroscopy in the case
of thin-film structures. To confirm the explanation given
for the Si doping mechanism in the previous section, we
have performed and analyzed Raman specira obtained
from heavily Si-doped GaAs grown on (311)4 by MBE
under different conditions.

Two Si-doped GaAs samples (1 pm thick) were grown
on n-type (311)A4 GaAs substrates. Sample A was grown
at a substrate temperature of 670 °C with As/Ga flux ratio
~1, while the substrate temperature for sample B was
450 °C and the flux ratio was As/Ga »3.5. During each
growth the Si cell temperature was kept constant at
1350 °C. Capacitance-voltage measurements were made on
the samples to determine the conductivity types and free-
carrier concentrations. Sample A exhibits p-type conduc-
tivity with p=2.1X 10" cm™3, while sample B is 7 type
with n=1.2X 10" cm 3,

Raman data were obtained with a Dilor XY spectrom-
eter. Spectra were recorded at room temperature in the
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FIG. 3. Raman spectra of the p-type (top), n-type (middle), and un-
doped (bottom) (311) samples. The local vibrational modes of the p-type
sample are labelled by arrows. The scattering configuration is z(,y)z and
the excitation wavelength is 4965 A.

backscattering configuration with the incident and scatter-
ing light polarized either along the x=(011) or y=(233)
directions. The 4765 and 4965 A lines of an Ar laser were
used as the excitation source. The penetration depth for
such wavelengths is considerably smaller than the thick-
nesses of epitaxial layers. In (311) backscattering, both the
LO (longitudinal optic) and TO (transverse optic) modes
are allowed. In heavily doped GaAs, however, the LO pho-
non couples to electron (hole) plasmon giving rise to two
coupled modes, L™ and L~. The Raman spectrum of the
n-type film shows large energy shifts with a L™ plasmon-
like mode peak at ~ 1080 cm ™. Its frequency corresponds
to a free-electron concentration of (1.2+0.2) X 10'® cm 3,
in very good agreement with the results of C-V measure-
ments.

The low-frequency region of the spectra of the p-type
(sample A), n-type (sample B), and undoped (sample C)
samples are shown in Fig. 3. The weak peak at ~340 cm ™"
and the structures between 450 and 600 cm ™! in all sam-
ples are due to second-order phonon scattering (small dif-
ferences among the spectra are due to slight misalignments
in the scattering geomeiry). Other than the intrinsic
modes, the p-type sample shows additional features at 365
and 394 cm ™!, which are ascribed to Si-X and Si,; LVM,
respectively. Si,, denotes the local vibration mode associ-
ated with a Si atom replacing As while Si-X is a contro-
versial defect complex.'? Murray er al'? found that the
Si-X defect can be best explained as a nearest-neighbor
double or triple acceptor Sis-¥V s, pair, where Vg, denotes
a vacant Ga sublattice site. Of course, Si,, is a single ac-
ceptor. The fact that the n-type sample does not show
features associated with acceptor sites indicates that levels
of compensation are low for the specified films. The sam-
ple, however, does not show evidence of Sig, either. This is
because such a line can only be observed in the immediate
vicinity of the E; resonance at ~3 eV.!!
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FIG. 4. Schematic of the atomic arrangement at an ideal (311)4 GaAs
surface.

The Si doping characteristics on the (311)4 surface, as
observed by electrical measurements and Raman spectros-
copy, need to be discussed. The first important observation
is that on the (311)4 surface there is one single dangling-
bond site and one double dangling-bond site in each sur-
face unit cell (Fig. 4). Thus the Si doping properties can be
expected to be similar to that on the (211)4 surface, !
which has twice as many single dangling-bond sites as dou-
ble dangling-bond sites. On the (311)4 surface, Si doping
atoms on As acceptor sites can bond to surface Ga atoms
by single bonds, or Si atoms on Ga donor sites can bond to
surface As atoms by double bonds. The final incorporation
of Si on donor or acceptor sites will depend not only on the
relative strength of Si—As or Si—Ga bonds, but also on
the competition the Si atom will encounter for a substitu-
tional site from incoming As and Ga atoms. By anology
with the situation on the (211)4 surface,!? it appears that,
at low As-fluxes, molecular As, is a much less effective
competitor of Si at single-bond acceptor sites. This is likely
because the molecular As, must be broken up, the energy
for which is less readily provided by forming only a single
bond per atom as opposed to two bonds. These circum-
stances, together with the competition from plentiful Ga
atoms at the double-bond donor sites, forming two strong
Ga—As bonds, should effectively shift Si atoms to the ac-
ceptor sites on the As.sublattice (as seen in sample A),
even though the Si atom itself would bind more strongly on
the donor sites. With increasing As/Ga flux ratios or de-
creasing growth temperatures, which results in a higher As

TABLE I. Layer sequence of the HBT device.

sticking coefficient on GaAs surface, the balance should
shift back in the direction of the energetically preferred Ga
sites (as seen in sample B), leading to #-type doping.

V. DEVICE APPLICATIONS
A. Heterojunction bipolar transistors

Beryllium (Be) is frequently used as the p-type dopant
during MBE of GaAs and other III-V compounds due to
its favorable vapor pressure. It is therefore the dopant spe-
cies of choice during the growth of the p-type base region
in n-p-n heterojunction bipolar transistors (HBT). Heavy
Be doping, however, leads to the increase of surface segre-
gation!® and diffusion!* during growth and subsequently
during device processing and operation. Growth tech-
niques such as high-group-V overpressure during
grow’ch,ls’16 Jow substrate temperature,'®” and the addi-
tion of a small amount of In to the Be-doped layers'® have
met with some success. The use of other dopant species
such as C (Ref. 19) or use of different substrate orienta-
tions? are also being investigated. -

In the light of the results obtained from our Si-doping
experiments with (311)4 GaAs and AlGaAs, we have in-
vestigated the suitability of such doping in the growth of
GaAs/AlGaAs HBTs by MBE. The objective is to utilize
all-Si doping during the growth of the entire structure. The
HBT layer structures and growth conditions are summa-
rized in Table I. Two arsenic sources were used for rapid
change of the V/III ratios during growth.

The carrier concentrations and doping type in the
HBT structure described in Table I were measured by the
C-¥ profiler and the results are shown in Fig. 5. It is im-
portant to note that a p-type concentration as high as 2.2
% 10" cm™? is achieved with Si doping in the GaAs base
region under the specified growth conditions. This high
level of doping is required for good high-frequency perfor-
mance of the devices. The undoped GaAs collector region
has a p-type concentration of 5 1016 cm—3, which is typ-
ical on a (311)4 GaAs surface.?

Transistors were fabricated with (5 10) [,l,m2 emitter
areas. The active layers were accessed for contacting by
wet etching. Electron-beam-evaporated Pt/Zn/Pt/Au was
used for the base contact and GeAu/Ni/Ti/Au for the
emitter and collector contacts. Device isolation was pro-
vided by mesa etching and surface passivation and cross-
over isolation were achieved by a plasma-enhanced

Thickness Doping ‘Substrate V:III
Layer Composition (pum) {cm™3) temp. (°C) ratio Remarks
| GaAs 0.5 5% 10', Si 450 4 collector contact
11 GaAs 0.3 undoped 630 i collector
11 GaAs ' 0.12 2.2 10%, Si 660 1 base
A% Al Ga,_,As 0.03 5% 10", 8i 450 4 grading
v Aly,GagAs 0.1 5%10Y, si 450 4 emitter
VI Al Ga,_,As 0.03 5% 10", si 450 4 grading
viL In,Ga,_ As 0.2 - 510", si 450 4 graded emitter contact
3132 J. Appl. Phys., Vol. 72, No. 7, 1 October 1992 Lietal 3132
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FIG. 5. Measured C-¥ profile of the carrier concentration and type of the
Si-doped HBT structure.

chemical-vapor-deposited (PECVD) silicon nitride film.
Figure 6(a) shows the typical common-emitter character-
istics of a HBT with (5X10) um?® emitter size. The tran-
sistor has a current gain h;,=140. The highest dc
common-emitter current gain of 230 was measured in de-
vices with the same structure but with a base doping of
p=4X10" cm™3. This gain is uniform in the collector
current density range of (1-10) X 10° A/cm?. The emitter-
base junction exhibits excellent rectifying current-voltage
characteristics with sharp forward turn on and very small
reverse leakage current (~6 nA at —5 V). The measured
Gummel plot is shown in Fig. 6(b). The emitter-base and
collector-base junctions are of very high quality with a
collector current ideality factor of 1.04 and the base cur-
rent ideality factor of 1.46.

B. Complementary heterostructure field-effect
transistors

The unique orientation-dependent amphoteric behav-
ior of Si in GaAs should find applications in other elec-
tronic devices as well. We have also realized p-type
Aly5Gag gAs/GaAs heterostructure field-effect transistors
(HFET) over etched (311)4 facets on (100)-oriented
GaAs substrates by Si doping during MBE growth. Simul-
taneously, n-type HFETs were grown and fabricated on
the (100) plane with the same structures and with the
same level of Si doping, leading the way to the realization
of complementary circuits by one-step epitaxial growth.

The substrates used for this experiment were undoped
semi-insulating (100) GaAs. Patterning of ridges and
grooves was done by conventional photolithography and
wet-chemical etching. A solution of NH,OH:H,0,:H,0
(5:1:50) was used to etch angled facets approximately 5
um deep in the [011] direction, yielding (311)4 sidewalls.”
The (311)4 planes are preferred over the (111)4 or
(211)4 planes since they make a smaller angle (~28°)
with the (100) plane, which greatly facilitates planar pro-
cessing during device fabrication. Immediately prior to
loading into the MBE system, the substrates were cleaned
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FIG. 6. (a) Common emitter characteristics of the HBT device [emiitter
area: (5X 10) pm?, Ip=10 pA/step], and (b) typical Gummel plot of the
HBT. ’ ’ -

in organic solvents, followed by a 1 min free etch in
NH,OH:H,0,:H,0 (10:1:100) and a final rinse in de-
ionized water.

The heterostructure of the Si-doped channel FET is
shown schematically in Fig. 7. The entire structure was
grown at a rate of 0.7 um/h (for GaAs) at a temperature
of 630°C. After growing the 3000 A Aly,Gag gAs buffer
layer with a V/III flux ratio of 1.5, growth was interrupted
to lower the arsenic source temperature to adjust the V/III

Source

Si: GaAs_
i- AlGaAs

Si: GaAs =
i - AlGaAs —

(100)

(100) - S. I. GaAs Substrate

FIG. 7. Schematic of the AlGaAs/GaAs HFET structure on the etched
(311)4 facet. i
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flux ratio to 1 for the following 300-A-thick Si-doped
GaAs channel [Si doping level is approximately 7 107
cm™? as calibrated for the (100) plane]. The objective here
is to create conditions on the (311)4 surfaces that are
favorable for Si incorporation on As sites and thereby pro-
duce p-type doping. Remember that on this surface the
As:Ga site density is in the ratio of 1:1. The relatively high
substrate temperature and lower As flux help to create
enough As vacancies for Si incorporation. After growth of
the channel layer, the previous V/III ratio is restored and
300 A of undoped Aly,GaggAs and 100 A of Si-doped
GaAs, with the same doping level as in the channel, were
consecutively grown. On the control (100)-oriented GaAs
substrate, the same level of Si doping and same growth
conditions resulted in a channel sheet electron concentra-
tion of 7n,=2.0x 10'? cm~2 and a mobility of 1700 cm?/V s
at 300 K.

To fabricate the p-HFET on the (311)4 facets, device
isolation was first done by wet-chemical mesa etching in
H;PO,:H,0,:H,0. Then the p-type drain and source
ohmic contacts were formed by evaporation of Au/Zn/Ni/
Au and lifi-off techniques, followed by hot-plate alloying at
400 °C for 20 s. The source-drain separation is 5 um and
both approximately 10 um long. Finally a 1.1X50 um
Ti/Au gate was formed without recessing. The n-type
HFET on the (100) plane was processed separately using
the same mask set.

Measurement of dc electrical characteristics of the p-
HFET was done at 300 K. Figure 8(a) shows typical drain
current versus drain-to-source voltage characteristics.
Measured transfer characteristics (drain satuation current
versus gate voltage and transconductance versus gate volt-
age) at room temperature is shown in Fig. 8(b). Maxi-
mum values of the transconductance are 23 mS/mm at 300
K. The low drain current and the relatively small temper-
ature dependence of the transconductance may suggest
that the Si doping on the (311)4 plane is partially com-
pensated. The n-HFET fabricated on the (100) plane with
a 1.1X50 um? gate yields g,,=250 mS/mm at 300 K. For
digital applications, such as complementary circuits, this is
tolarable since the major concern is to make the transcon-
ductance of the two types of devices comparable. With
optimized growth conditions, the compensation problem
could be minimized. We also fabricated FET devices on
the planar (311)A4 substrate. A transconductance value of
26 mS/mm has been measured at 300 K with a 1.1X50
pum? gate, which is comparable to that obtained with the
devices made on etched (311)A4 facets.

Vi. CONCLUSIONS

We have studied the MBE growth and properties of
Si-doped GaAs and AlGaAs on (311)4 GaAs substrates.
It is seen that Si is a truely amphoteric dopant in GaAs and
AlGaAs with (311)4 orientation. The doping conductivity
of Si in GaAs and AlGaAs can be controlled in a repro-
ducible manner by varying MBE growth conditions. We
find that at high growth temperatures (»660 °C) and low
V/III flux ratios ( ~1), Si atoms predominantly incorpo-
rate on As sublattice sites and behave as uncompensated
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FIG. 8. (a) Room-temperature source-drain current-voltage characteris-
tics of a p-HFET made on the etched (311)4 plane with gate length of 1
pm, and (b) transconductance and drain current of a p-HFET on (311)4
as a function of gate bias at room temperature.

acceptors. High p-type doping of 2.1 10" cm™3 has been
obtained with Si doping in GaAs. On the other hand, a low
growth temperature (<500 °C) and a high V/III flux ratio
(>2.5) are necessary to make Si occupy Ga sublattice sites
and act as a donor. Results obtained from Raman spec-
troscopy on these samples confirm these observations..
The controllable amphoteric doping property of Si in
GaAs has been applied to the MBE growth of GaAs/
AlGaAs HBTs with all-Si doping. The device shows excel-
lent rectifying characteristics in both emitter and collector
junctions, with ideal factors of 1.46 and 1.05 for emitter
and collector, respectively. Typical transistors with emitter
size of 5 um® exhibit common current gain of 230. This
gain is uniform in a large range of collector current density.
We have also demonstrated complementary heterostruc-
ture FETs by one-step MBE growth on (311)4 GaAs fac-
ets created by chemical etching of (100) GaAs. The Si-
doped p-type HFETs with 1 um gate length made on the
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{311)4 facets have g,=24 mS/mm, while the a-type
HFETs with the same Si doping level show g,,=250 mS/
mm. The technique suggests that, in principle, complemen-
tary circuits could be integrated on the same wafer by such
one-step epitaxial growth.
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