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We describe here the properties of Ing s; Gag 40 AS/In, o, Al 5 As modulation-doped
heterostructures and field-effect transistors grown directly by molecular-beam epitaxy on
GaAs substrates. The generation and nature of dislocations in the films kave been studied by
transmission-electron microscopy. The final heterostructure contains a series of compositional
steps of In, Ga, _, As (0<x<0.53) to generate and control the dislocation movement. The
modulation-doped heterostructures are characterized by fagox = 8 150 cm?/V's
(n, =2.7X10% em™ ) and g5 = 26 100 em®/V 5 (1, = 2.1 X 10" em ~?) which compare
very favorably with values measured in similar lattice-matched heterostructures on InP.
1.4-um gate-modulation-doped field-effect transistors exhibit g,, (ext) = 240 mS/mm and

7 =21 GHz. The drain current variation with gate bias is linear and the transconductance is
uniform over a sizeable veltage range. These material and device characteristics indicate that
In,Ga, _ As/In Al _, As transistors (with x varying over a certain range tc vary AE,) can
be designed on GaAs or even other mismatched substrates.

. INTRODUCTION

GaAs/Al, Ga, _, Asand Ing 5, Gag 0 As/Ing 5, Al 5 As
modulation-doped field-effect transistors ({MODFETSs)
have emerged as leading devices for high-frequency and low-
noise applications. The Ing s, Gag4; As/Ing 5, Aly 45 As het-
erostructure lattice matched to InP has recently been inves-
tigated in many laboratories around the world becaunse of
inherent advantages over the GaAs/AlGaAs system. Some
of these attributes are a higher electron mobility and velocity
at room temperature compared to GaAs, a large I'-L separa-
tion in InGaAs, and a large conduction-band discontinuity
in the heterostructure. The last parameter, coupled with the
fact that the InAlAs can be more heavily doped than
AlGaAs, resuits in more efficient transfer doping and sheet
electron concentration. Indeed, very promising de and mi-
crowave performance is being reported in 1-4m and submi-
cron-gate MODFET devices.'”

To enhance the performance of InP-based devices, we
have recently grown and characterized pseudomorphic
g 53 4« G847 - « As/Ing 55 Al 4 As modulation-doped he-
terostructures.” A steady improvement in electron mobility
and velocity is seen with increase of In content in the chan-
nel, without any significant change in the electron effective
mass. 1.0-um- and submicron-gate MGDFETs made from
these heterostructures also show improved performance
over lattice-matched devices.>® However, it is difficult to
make x > 0.15 in the channel without creating misfit disloca-
tions and degrading the performance.

In a pseudomorphic heterostructure, there is always the
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issue of long-term reliability under repeated thermal cycling
and other environmental changes. Ouly recently has this is-
sue in MODFETs been addressed by Peercy of al.> An alter-
native by which it is possible to take advantage of high In
content in the channel and avoid pseudomorphic strain is to
use strain-relaxed mismatched heterostructures. Rather
than do this on InP substrates, it is worthwhile to take into
account a larger mismatch and attempt growth on GaAs or
5i substrates. This also provides a technigue for integrating
inGaAs/InAlAs devices with the more established Si or
GaAs integrated circuit technology. The overriding cause
for concern here in the large densities of dislocations that are
generated and their effect on the material characteristics and
device performance. In fact, recently, the performance of
0.1-um-gate In, s Gag s As/Ing s Al, s As MODFETs grown
by molecular-beam epitaxy on GaAs substrates has been re-
ported by Wang et al.* Good dc and microwave performance
was obtained in spite of the mobilities in the channel being
very low (5200 cm?®/V s at 300 K and 6000 cm®/V s at 77
K. 0.4-um-gate Ing 5 Gag o, As metal-semiconductor field-
effect transistors (MODFETS) on GaAs with promising dc
and microwave perforiance have also been recently report-
ed by Shih er ¢l.” These early studies clearly demonstrate
that reasonably high-performance InGaAs/InAlAs devices
can be made on GaAs substrates. We have therefore investi-
gated the molecular-beam epitaxial (MBE) growth of these
modulation-doped  heterostructures, in an attempt to
achieve tramsport properties similar to that in lattice-
maiched heterostructures on InP substrates. In what fol-
fows, we will discuss the molecular-beam epitaxial growth
and characteristics of In,, 5, Gag 4, As/Ing o, Al 45 As hetero-
structure on GaAs and the properties of MODFETs made
from them. The In composition is chosen to be the lattice-
matched value on InP for comparison.
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§. MBE GROWTH OF g 5, Ga, .y As/ N, 5, Alg s A ON
Gals

The techniques that are conventionally used for lattice-
mismatched semiconductor hetercepitaxy are {(a) two-step
growth,*'% (b} incorporation of a strained layer superiattice
(SL3) buffer®™'! or a linear graded composition buffer lay-
er,’?and (c¢) in situ or post-growth thermai treatment.* '
Since the minimum-energy configuration for lattice-mis-
matched strained epitaxy favors an island growth mode,"’
two-step growth with different substrate temperatures and
growth rates is applied. With a lower substrate temperature,
surface nucteation of the epilayer dominates over surface
migration to form small islands. It is suggested that a thick-
ness of 50-100 nm for this growth mode is sufficient to com-
plete the substrate surface coverage.® Conventional lattice-
matched homo- or heteroepitaxial growth conditions are
then applied to complete the second-step growth. A large
number of the misfit dislocations generated in the first-step
buffer layer thread up through the entire epilayer. In the case
of GaAs on Si, which is about 49 lattice mismatched, disio-
cation densities of ~ 10® cm ~? in the active layer are general-
Iy observed.'®

In order to reduce the threading dislocation density, an
SLS or linearly graded composition buffer is commonly
used.®!! The SLS creates an additional strain energy field in
the epilayer which can interact with the threading disloca-
tions. It is possible for the threading dislocations to recom-
bine with each other in the superlaitice region or bend at the
strained interface and propagate along the interface to the
edge of the substrate. It is found that the dislocation density
in the GaAs epilayer grown on Si can be lowered to the range
of 107 cm "% by incorporating an SLS.*'” On the other hand,
linearly composition graded buffer layers have been consid-
ered a better approach.® It has been reported that with the
incorporation of linearly graded buffer layers, the density of
threading dislocations is still high, but x-ray rocking curve
half-widths!® and the electron mobility'® in the active layer
suggest an improvement. Thermal treatment is a useful tech-

a
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nique for material recovery. In sifu and/or post-growth an-
nealing have been widely studied for the strained epitaxy of
GaAs on Si.1>* However, such annealing can only reduce
dislocation density to the range of 107 cm ™2, So far none of
these methods has been successful to the degree required.

In our study, we have examined the growth of several
different compositions of In Ga, _, As on GaAs by cross-
sectional transmission-electron microscopy (XTEM). Fig-
ure ! shows the XTEM micrographs for ~19% and ~2%
lattice-mismatched InGaAs/GaAs growth by MBE under
conditions described later. The InGaAs layer is directly
grown on a 0.3-um GaAs buffer layer on the substrate. After
growth of the ternary layer, ten periods of a InGaAs/GaAs
superlattice are grown. This is seen at the top of the figures.
Itis found that when the misfit is less than 2%, few threading
tails of the misfit dislocations can be observed. This means
that the dislocation deasity in the epilayer is below the detec-
fion limit { € 10° cm™?). In order to understand the interfa-
cial misfit dislocation network n Fig. 1(a) through TEM, a
0.15-pm In, s Gag g5 As epilayer was grown on a GaAs sub-
strate. The plan-view TEM micrograph of the misfit disloca-
tions structure at the Ing s Ga, g5 As/GaAs heterointerface
is shown in Fig. 2. After the strain relaxation, most of the
mishit dislocations are confined at the heterointerface. A de-
tailed study of the misfit dislocations generation and propa-
gation for InGaAs/GaAs strained heteroepitaxy is dis-
cussed elsewhere.”®

In the case of the In, 5, Gag 47 As/GaAs heterostructure
there is a 3.8% lattice mismatch. The only way to avoid a
high threading dislocation density in this large lattice-mis-
matched system is to use the composition step-grading tech-
nique, which was first applied by Olsen ef a/. using vapor
phase epitaxy.?' They found that the technique was much
more efficient than linear grading as a dislocation filter.
From several calibration experiments we found that each
step of the compositional gradient should not be higher than
10% In. Above 10% In, a large number of threading disioca-
tions was found in the later composition steps. Again, the
gradient should nct be too low, otherwise the dislocation

FIG. 1. Cross-sectional TEM micrograph of
In,Ga, ,As/GaAs heteroepitaxial struc-
ture for (a) x = 0.15 and (b) x = 03.
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active layers are composed of g Q. l-gm undoped
In,5; Ga, ,, As channel, 50-A undoped In,, ., Alg g As spac-
er layer, a 300-A Si-doped In,, ,, Al 4s As layer (3x 108
cm™*), and a 100-4 GaAscap layer with a Sidoping density
af 510" em 3. The incorporation: of the GaAg layer! pro-
vides two advantages. First, the quality of the Schottky di-
ode on GaAs is better than on doped InAlAs, and second, a
difficuit gate recessing step is eliminated. All the active fay-
€18 were grown at 450°C and at a rate of 1 um/h for
Ing 53 Ga, ,; As and Ing s, Al 40 As and one As partial pres-
sure of 1 X 107 Torr. A XTEM micrograph of the strained
epilayerisshown in & ig. 4. It is found that the majority of the
misfit dislocations are contained at the fve hetercinterfaces.
Some of the dislocations threag through the buik
In, 5, Ga,,, As buffer layer and cluster in the In,, ;, Aly s As
layer. Thege dislocation clusters may be due to phase Separa-
FIG. 2. Plan-view TEM micrographs of general misfit dislocation network tion in the InAlAs alloy which was grown at 450 °C.*?
atthe In, . Ga, ,, As/GaAs hetercepitasial interface grown by MBE. Temperature-dependcm Hall measyrements were made
on photolithogmphical‘;y defined clover leaf samples using
the van der Pauw technigue. The temperature-dependent
mobility and sheet electron concentration for the hetero-
structure with which FETs were made are shown in Fig. 5.
The measured parameters at 300 K are #=28150 em?/V s,
;= 2.7X10% em™ 2, and at 20 K are s =26 100 cm?/V g
and n, =2.1X10" ¢~ 2. These transport parameters are

ness, the electron mobility was seriously affected by the jn.  quite comparable to those measured in fattice matched he-
terfacia! misfit dislocations, !° The schematic of the  terostructures on InP, " indicating that interface roughness

MODFETs is skown in Fig. 3. Five step-graded buffer layers does not. pose a severe Ii{nitat.ion. It may be memioned that
were first grown on the Semi-insulating GaAs substrate at the m;ol?zhty valufzs obtained %n the course of thig study are
decreasing substrate temperatures in the range of 550~  the highest obtained for this heterostructure grown on
430°C. A L.0-pm Ing o, Gag 4 As buffer layer followed by a
0.5-um undoped Ing s, Aly 40 As layer were then grown. The

bropagation is not effectively checked. Moreover, the lower
the gradient, the higher the critical layer thickness. This
means that very thick layers would be needed at each step for
complete misfit strain relaxation. In our experiments, 300-
nm steps were used for each composition. Below this thick-
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FIG. 3. Schematic Cross  section of the madulation-doped
Ing 43 Gay s As/ Ing 52 Aly s As heterostructure above a compositional step- FIG. 4. Cross-sectional TEM micrograph of the medulation-doped hetero-
graded buffer on a GaAs substrate. structure grown by MBE.
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FIG. 5. Sheet carrier density (n, } and electron mobility (¢} dependence on
temperature for In, 5, Gag 4, &s/Ing 5, Gag 4, As MODFETSs on GaAs sub-
strate.

GaAs. The results also indicate that practical heterostruc-
tures can perhaps be grown on Si substrates.

iti. DEVICE FABRICATION AND CHARACTERIZATION

1.4-um-gate transistors were fabricated with heteros-
tructures whose transport characteristics are shown in Fig.
5. After mesa-etching for device isolation, Ga/Au/Ni/Ti/
Au were evaporated in that sequence and rapid thermal an-
nealed for 10 s at 425 °C to form the source and drain obmic
contacts. The source-drain separation is approximately 3.5
g, 500-A Ti/3000-A Au was evaporated to form the gate
contact. The gate dimension is 1.4 X200 gm® The native
oxides on the surface were removed just before the chmic
contact and gate metal depositions by immersing the sam-
ples in buffered HF for 30 s. The room-temperature gate-
source current-voltage characteristics typicaily exhibit a
feakage current of ~300 A at — 2 V, in spite of the top
GaAs layer. We believe that the high leakage current is due
to the large dislocation density and surface roughness.

Room-temperature drain current-voltage characteris-
tics are depicted in Fig. 6{a}, where good pinchoff is demon-
strated. The output conductance g,,s was 16.5 mS/mm. The
extrinsic de transconductance is 240 mS/mm compared to a
typical value of 400-450 mS/mm in a lattice-matched InP-
based device with the same gate length. Very littie hysteresis
is observed in the characteristics, which suggests a low den-
sity of defects in the barrier layer and its interface with the
channel. Figure 6(b) illustrates some features of the transis-
tor dc characteristics. The greater confinement in the two-
dimensional electron gas due to a larger band offset
(AE,==0.31 eV) results in a linear variation of 7, and a
uniform transconductance is exhibited over a sizeable gate
voltage range. The typical source resistance was Ry =5 §}
from which an intrinsic transconductance of 320 mS/mm is
derived. The I, values are the same as measured i lattice-
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FIG. 6. (2) Drain current-voltage characteristics and (b) variation of drain
current and de transconductance with gate bias for a 1.4 200 ym? gate
Iy, o, Gag 40 As/Ing 5, Gag 4 As MODFETs on GaAs.

matched transistors.* The microwave S parameters were
measured in the range of 0.045-26.5 GHz using a cascade
prober and an HP 8510 automatic network analyzer under
various bias conditions. The variation of current gain with
frequency is shown in Fig. 7. A value of fr =21 GHz is
derived, while the value of £, ., = 20 GHz, obtained from a
measurement of maximum available gain with frequency, is
slightly lower. This phenomenon of f,,,, having a value less
than f is not well understood. However, parasitic con-
duction due to the dislocations is partly responsible for
this phenomenon.® The best 1.4-um lattice-matched In-
GaAs/InAlAs/InP transistors have /7 = 30-35 GHz at 300
K.% It is clear, therefore, that the mismatched transistors
investigated here have very favorable dc and microwave
characteristics.
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FIG. 7. Variation of current gain (4,,} with frequency in a4 1.4 200 um’®
gate MODFET.

V. CONCLUSIONS

it has been demonstrated that excellent dc and micro-
wave characteristics can be obtained in
g 5, Gay 45 As/Ing o3 Al s As MODFETs grown directly
on GaAs substrates. The strain-relieved heterostructures
were grown by molecular-beam epitaxy and a series of vari-
able composition buffer layers were incorporated to generate
and control the propagation of dislocations in the active re-
gion. TEM studies have been made to characterize the con-
finement of dislocations. The Hall mobilities of the 2DEG
[n, (300K) =2.7Xx 102 cm ] are 8150 and 26 100 cm?®/
V s at 300 and 20 K, respectively. An extrinsic transconduc-
tance of 240 mS/mm and £ of 21 GHz are measured at 300
K for 1.4-um-gate devices. These characteristics compare
very favorably with equivalent lattice-matched devices on
InP substrates. Better performance is expected with submi-
cron devices. This work also suggests that high-performance
InGaAs/InAlAs MODFETSs can be made on other mis-
matched structures, sach as Si, with proper control of the
growth parameters and dislocation motion.
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