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We have grown pseudomorphic In, Ga, _ , As/Ing s, Al, 4o As modulation-doped
heterostructures by molecular-beam epitaxy under carefully controlled growth conditions.
Mobilities as high as 13 900, 74 000, and 134 000 cm®/V s are measured at 300, 77, and 4.2 K
in a heterostructure with x = 0.65. Shubnikov-de Haas measurements indicate that the change
in the effective mass with increasing In is not significant and is not responsible for the
enhancement in mobilities. We believe that the improvement results from reduced ailoy
scattering, reduced intersubband scattering, and reduced impurity scattering, all of which
result from a higher conduction-band offset and increased carrier confinement in the two-
dimensional electron gas. The high-field electron velocities have been measured in these
samples using pulsed current-voltage and pulsed Hall measurements. A monotonic increase in
velocities is observed both at 300 and 77 K with an increase of In content in the channel.
Velocities of 1.55 ¢ 107 and 1.87x 10" cm/s are measured at 300 and 77 K, respectively, in a
I g5 Gag 35 As/Ing 5, Al 45 AS modulation-doped heterostructure.

L INTRODUCTION

Pseudomorphic In, Ga, _,As/Ing s, Alga As
{(x >0.53) modulation-doped (MD) heterostructures have
emerged as excellent candidates for the design and fabrica-
tion of high-frequency and high-speed field-effect transis-
tors.'™> Improvements in the mobilities' ™ and device perfor-
mance™ have been observed in modulation-doped
field-effect transistors ( MODFETs )} made with this pseudo-
morphic system, compared with those in lattice-matched
Ing 53 Gag 47 As/Ing 53 Aly 3 A3 MODFETSs. Some of the im-
provements in the device performance result from z larger
conduction-band discontinuity, leading to a more efficient
modulation doping and better confinement. However, it is
not clear how the transport properties in the pseudomorphic
channels behave at high electric fields and there is no experi-
mental evidence of the degree of reduction in the effective
masses.

In order to understand some of these properties of the
pseudomorphic heterstructures, we have made a systematic
study of their low- and high-field transport properties and
have estimated the electron effective masses from tempera-
ture-dependent Shubnikov-de Haas measurements. The
In,Ga, _, As/Ing s, Aly 4 As/InP MODFETY structures
had x varying from 0.53 (lattice matched) to 0.65 and were
grown by molecular-beam epitaxy. Hall mobilities measured
in these structures are the highest ever achieved for the com-
positions considered. It is apparent that the major improve-
ment in device performance with increase of strain might
result from a systematic increase of the high-field carrier
velocities and mobilities in the two-dimensional electron gas
(2DEG) channel.

3 Present address: Bell Communications Research, Red Bank, NJ 07701-
7020.
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. EXPERIMENTAL TECHNIQUES

Lattice-matched and pseudomorphic In,Ga, _, As/
Ing 5, Aly s As MD heterostructures were grown on semi-
insulating InP (Fe) substrates in a RIBER 2300 MBE sys-
tem. The system preparation is briefly described. The effu-
ston ceills without the crucibles were baked at 1400 °C for 10
h. Clean PBN crucibles were next loaded into the cells and
were baked at temperatures ranging from 1300 to 1500°C
for 11 h. The growth charges consisting of 7V In, 8V Ga, 7TV
As, 6N Al and the dopant species (81) were loaded into the
individual cells and the growth chamber was evacuated to
~ 1077 Torr. Background impurities were further reduced
by baking the In source in a pure H, atmosphere for 16-24h
at 700 °C before loading into the effusion cell. The source
materials were then baked for 6-7 h at 100-200°C above
their normal operating temperatures. Substrate temperature
for the growth of the entire structure was 500 °C as set in the
temperature controller. The growth rate was ~1.1 um/h.

The schematic diagram of the structures and corre-
sponding band diagrams are shown in Fig. 1. The MD heter-
ostructures consist of 3 0.4-um undoped Ing s, Al 43 As buf-
fer, a 400-A undoped Ing 5; Gag 4, Aslayer, a 1 50-A undoped
In,Ga, _.As channel, a 100-A undoped Ing s, Aly g As
spacer layer, a 200-A Si-doped (3X10"™ cm™?)
Ings3 Algug As layer, a 300-A undoped Ing s, Aly. As
layer, and fnally a 200-A Si-doped (3Xx1iG® cm™?)
Eng 5, Gager As for ohmic contacts. Three types of samples
were grown with different In mole fractions in the
In,Ga, _,As channel region: x = (.53, 0.60, and 0.65.
Growth interruptions for 1 min were used at the interface
before the In, Ga,_, As channel to accomplish higher In
mole fractions by changing the Ga fiuxes.

The dependence of the electron transport properties on
the In mode fraction in the channel was investigated by low-
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FIG. 1. Schematic of pseudomorphic modulation-doped heterostructures
and corresponding band diagrams.

and high-fieid transport measurements. Cloverleaf and Hall
bar geometries were used for low-field Hall measurements
by the Van der Pauw technigue and Shubnikov-de Haas
measurements, respectively. The samples were made from
the different structures by photolithography and wet chemi-
cal mesa eiching with H,PO.H,0,:H,0. Ge(500 A)/
Au(1200 A)/Ni(100 A)/Ti(500 A)/Au(1000 A) contacts
were formed by electron-beam evaporation and rapid ther-
ma!l annealing. Hali mobilities and carrier concentrations
were measured in the dark in the temperature range of 4.2-
300 K. SdH measurements were made at several tempera-
tures between 1.3t0 4.2 K.

The high-field transport properties were determined
from pulsed current-voltage measurements on planar H-
shaped devices at 300 K, and pulsed Hall measurements at
300 and 77 X on Hall bars.® The electric field during the
current-vojtage measurements was determined from the
measured potential profile in the bridge region of the device.
The H-shaped device geometry ensures that possible do-
mains nucleating near the contacts will not propagate into
the bridge region and interfere with the measurement when
true current instabilities occur. The voltage pulse width was
varied from 0.2 to 1.0 us. The input and output voliage
pulses were recorded on a sampling oscilloscope. The room-
temperature electron velocities were computed from the cur-
rents measured during the pulsed current-voltage tempera-
tures while the low-temperature (77 K) electron velocities
were calculated from the mobility-field characteristics deter-
mined by the pulsed Hall measurements.
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I, RESULTS AND RISCUSSIONS
&. Low-field transport

Temperature-dependent Hall mobilities measured in
the varicus samples are shown in Fig. 2. At low tempera-
tures, the mobilities increase slowly, indicating the two-di-
mensional characteristics of carriers in the channel. The
sheet electron concentrations decreased from 1.65x 10%2,
1.79x 10%%, and 1.82 X 10" cm ™2 at 300 K to 1.50x 10",
1.72% 10'2, and 1.76 X 10" em 2 at 13 K in samples A, B,
and C, respectively. Mobility and carrier concentration data
at 300 and 77 K for the three samples are summarized in
Table I. As can be seen, the increase in the sheet carrier
concentration with the addition of excess In is modest. With
65% In in the channel, & carrier density increase of approxi-
mately 10% is obtained with the same doping. This is higher
than a predicted value of 5% in Ref. 1. The band gap of the
In, Ga, _ , As channel maierial decreases with the increase
of In mole fraction, leading to an increase in the conduction-
band discontinuity and better confinement. The latter leads
to the observed increase in 2DEG carrier concentration.

A noticeable feature in Fig. 2 is the monotonic increase
in ZDEG mobility for temperatures 7<300 K. The increase
in mobility can be attributed to an increase of the momentum
relaxation time of carriers from scatterings and/or a de-
crease of the effective mass of the electrons in the direction
parallel to the interface. We have made Shubnikov—de Haas
measurements to determine the electron effective masses in
the channel of these heterostructures. The masses were de-
rived from the temperature dependence of the SdH oscilla-
tion amplitude. Effective masses as well as other electronic
properties such as carrier concentration in each subband and
energy separation between ground and first excited sub-
bands, computed from the SdH measurement data, are given
in Table [1. It has been predicted that the electron mass de-
creases by about 6% with a 12% excess In moie fraction in
the channel.! However, as can be seen from Table I, the
electron mass remains almost constant. This may be due to
the fact that strain reduces the crystal symmetry from cubic
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FIG. 2. Temperature-dependent Hall mobilities measured in samples A, B,
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TABLE I Mcasured Hall data from In, Ga, _ , As/Ing 5, Aly s As heterostructure.

Mobility (cm?/V )

2DEG density (102 cm™?)

Channel
Saimple composition 30K 77K 300K 77K
A 0.53 11300 50 100 1.65 1.60
B 0.60 12 360 65 200 1.79 1.74
C 0.65 13900 74 000 1.82 1,79

to tetragonal. Detailed theoretical and experimental studies
are required to understand this behavior. It should be noted
that the masses derived from SdH measurements are not
quite as accurate as those obtained from cyclotron resonance
measurements. It is, however, not unreasonable to conclude
that the improvement in mobility is from reductions in car-
rier scattering.

Several scattering mechanisms need to be considered to
explain the enhancement in mobility by adding excess In in
the channel. Athigh temperatures, the mobilities are limited
mainly by the combination of alloy scattering and optica
phonon scattering, whereas at low temperatures, it is mainly
alloy scattering that limits the mobility. In the high-tem-
perature region, the slopes of the temperature dependence of
mobility are — 1.10 and ~ 1.22 for sample A(x = 0.53)
and sample C(x = 0.63), respectively. It has been shown
from theoretical calculations”™ that the mobility limited by
alloy scattering in the 2DEG system is constant and inde-
pendent of the temperature, as long as the sheet carrier den-
sity remains unchanged. The siope of the temperature-de-
pendent mobility limited by optical phonon scattering is
approximately — 2.0.%'" Therefore, it is conceivable that
the combination of optical phonon and alloy scattering can
result in a slope of ~ — 1.0 in the high-temperature region.
The more negative slope in the data of sample C with 65% In
in the channel is believed to be due 1o reduced alloy scatter-
ing. This is supported by the large enhancement in the low-
temperature mobilities in sample C.

The effect of remote ionized impurity scattering is de-
pendent on the carrier density in the channel. The addition
of excess In in the channel results in an increase in the con-
duction-band discontinuity, causing an improvement in car-
rier confinement and, therefore, an increase of carrier con-
centration in the channel. Because of this, remote ionized
impurity scattering will be reduced due to increased screen-
ing, resulting in a higher mobility.

Axother important mobility-limiting mechanism is in-
tersubband scattering. The second subband begins to get oc-
cupied at carrier densities greater than 4.5X 10! ecm 2.1
The occupation of electrons in the lowest energy subband
has been estimated’ and it increases from 77% in an
Ing 3 Gag 4y As channel to 85% in an Ing ¢ Gag 4 As chan-
nel. The band offsets both at the In,Ga,_  As/
Ings; Gag 40 As heterointerface and at the
In,Ga,_ As/Ing., Aly.; As heterointerface increase with
increasing x as shown in Fig. 1. The built-in potential well
enhances the confinement of electrons and increases the en-
ergy separation between subbands. The mobility of the carri-
ers is expected to be Jower in the excited subbands than that
in the first subband since the carriers in the former have a
much larger effective mass.’* According to the Shubnikov-
de Haas data given in Table II, most of the carriers (more
than 95% of total carriers) are residing in the first subband
in samples with 60% and 65% In channels. The differencein
energy between £, and £, also significantly increases in sam-
ples B and C. Therefore, it is not difficult to expect reduced
intersubband scattering with increase of In mole fraction in
the channel material. In conclusion, the increase in carrier
confinement in the lowest subband and effects associated
with it plays the most important role in the enhancement of
low-field mobilities which is expertmentally observed in the
strained channel heterostructures. Alloy scattering limited
mohbility is also increased, by a factor of 10%, by the increase
of the In content, when the x{1 — x) dependence is consid-
ered in the formula of the alloy scattering limited mobility.

B. High-field transport

Figure 3 shows the mobility-field characteristics ob-
tained from pulsed Hall measurements on the different sam-
ples at 300 and 77 K. At 300 K, the mobility in all the sam-
ples is almost constant for £<500 V/cm and decreases

TABLE I1. Transport data obtained from Hall and Shubnikov-de Haas (8DH) measurements.

Halldataat 42K
Hi Pu Ny A E\—ES
Sample(x) (cm’V s) (1I0¥ em™%) m*/my, (107 em )y (meV)
A(0.53) 67 900 1.46 0.046 + 0.002 112 0.26 43,2
B{0.60) 35 000 1.65 0.046 +- 0.002 1.53 0.04¢ 76.1
C(0.63) 134 000 1.65 0.046 + 0.002 1.65 0.04 84.6
*Lowest subband occupation at 4.2 K determined from SDH measurements.
® Occupation in first excited subband at 4.2 K.
¢ Energy separation between ground state and first excited state in the 2DEG.
9These values are approximate.
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FIG. 3. 300- and 77-K mobility-field characteristics obtained from pulsed
Hall measurements.

slightly at higher fields. All three samples show a similar
trend in the measured electric-field range. It is clear that
samples with excess In in the channel exhibit higher high-
field mobilities in the entire electric-field range of measure-
ment. The mobility of different temperatures and electric
fields is limited by the different scattering mechanisms dis-
cussed in the previcus section. At 300 K, electrons are pre-
dominantly scattered by polar-optical phonons at both the
low and high electric-field ranges used in the puised Hall
measurements. At 77 K, alloy scattering may be more domi-
nant in the low electric-fieid regime. However, optical
phonon scattering becomes dominant again as the electric
field approaches 1 k¥/cm. This may explain the observation
that the difference in mobility between samples decreases as
the electric field increases, as seen in the 77-K data. Intersub-
band scattering can also have a significant effect on the high-
field characteristics since carriers have sufficient energy to
be excited to the higher subband having higher effective
masses in the electric-field range above ! kV/cm."?

The velocity-field characteristics of electrons obtained
from pulsed current-voltage measurements at room tem-
perature are shown in Fig. 4. The electron velocity was cal-
culated from the output current density recorded on a sam-
pling oscilloscope. Measurements were made up to fields of
2.25 kV/cm and electron velocities were observed to in-
crease monotonically in all three sampies. Maximum veloc-
ities of 1.35, 1.45, and 1.53 X 107 cm/s were calculated at
E=12.25%kV/cm for samples A, B, and C, respectively. It is
1o be noted that no velocity saturation was observed at room
temperature in any of the samples. The velocities of 77 K,
shown in Fig. 4, were obtained from the measured mobility-
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FIG. 4. Velocity-field characteristics obtained from pulsed current-voltage
measurements and pulsed Hall measurements at 300and 77 K, respectively.

field characteristics of Fig. 3 by using the relation
WE)=u()E. (1}

It is clear that electron velocities are increased with an in-
crease in In content in the channel in the entire range of
electric fields scanned during the measurements. It is also
expected that velocity saturations wiil occur at higher fields,
but these cannot be accurately measured due to the onset of
instabilities.® The enhancement of electron velocity is
thought to be the main contributor to the superior device
performance observed in samples B and C compared to that
in sample A.

I¥. CONCLUSIONS

A systematic study of the low- and high-field
transport  properties in MBE-grown pseudomorphic
In,Ga, ,As/Ing, Aly s As heterostructure has been
made. The Hall mobilities measured in these structures are
extremely high and values of 13 900, 74 000, and 134 000
cm?/V s at 300, 77, and 4.2 K, respectively, have been mea-
sured in a sample with x = 0.65. We believe that this im-
provement results from a combination of reduced intersub-
band scattering, reduced impurity scattering {due to larger
sheet charges), and reduced alloy scattering. The mobilities
remain consistently high at high electric field up to 1 kV/cm.
The high-field carrier velocities were independently mea-
sured in the same samples by pulsed current-voltage and
pulsed Hall measurements. Once again, the velocities in-
crease monotonically with field and with increase of In con-
tent in the channel region. In conclusion, we believe that the
itmprovement in the performance of this class of devices re-
sults principally from the larger conduction band offset and
the higher 2DEG velocities.
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