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Abstract—In an effort to enhance the conduction band dis-
continuity between channel and insulator, In,Al,_,As/n*-
Ing 53Gag 47 As HFET’s have been fabricated with InAs mole
fractions in the In Al, _ As gate insulator of x = 0.52 (lattice
matching), 0.48, 0.40, and 0.30. We have experimentatly found
that decreasing the InAs mole fraction in the insulator results
in reduced forward- and reverse-bias gate currents, increased
reverse gate breakdown voltage, and reduced real-space trans-
fer of hot electrons from channel to gate. We have found that
down to x = 0.40, these inprovements trade off with a slightly
reduced transconductance, but the gain in gate bias swing re-
sults in an increase in maximum current drivability. From x =
0.40 to x = 0.30, there is a drastic decrease in transconduc-
tance, coincident with a high density of MISFIT dislocations.
Wide-bandgap In, Al;_ As insulator HFET’s with x = 0.40
show promise for power microwave applications.

I. INTRODUCTION

N long-wavelength optical and ultra-high-frequency

microwave telecommunication applications
Ing 5,Alg 43As /Ing 53Gag 47 As Heterostructure Field-Effect
Transistors (HFET’s) on InP are of great interest. The
advantages of this material system are many.
Ing 53Gag 47As has a higher peak electron velocity, and a
higher room-temperature mobility than GaAs [1]. In ad-
dition, it has a larger I'-L separation and a lower effective
mass [1]. Ings;Aly48As/Ing 53Gag 47As provides better
electron confinement than AlGaAs/GaAs because of its
large (0.5 eV [2], as compared to 0.3 eV [3] for
AlGaAs /GaAs) conduction-band discontinuity.

Modulation-doped field-effect transistors (MODFET’s)
from this material system have shown excellent perfor-
mance [4]. However, MODFET’s suffer from the effects
of DX centers [5]-[7], transconductance collapse at high
gate-source bias [8], [9], and a reduced gate breakdown
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voltage due to the presence of doping impurities in the
insulator. Metal-insulator doped-semiconductor FET’s
(MIDFET’s), however, do not have any dopants in the
gate insulator and therefore do not have the above draw-
backs [10]. This leaves much greater freedom in the gate
insulator design [11]. In addition, their excellent high-
frequency performance, comparable with MODFET’s of
the same gate dimensions, has been recently shown [11]-
[14].

In any HFET, it is desirable to get the highest possible
conduction-band discontinuity A E.. Doing so reduces the
gate leakage current, allowing a larger maximum forward
gate voltage. In the In,Al, _, As/Ing 53Gag 47As system,
this can be done by increasing the AlAs mole frac-
tion, i.e., by decreasing the InAs mole fraction x in the
In, Al| _, As insulator layer. In a MIDFET this should re-
sult in improved drain current drivability. In a MODFET,
this is not necessarily the case because the insulator is
heavily doped and the maximum forward gate bias is lim-
ited by the formation of parasitic MESFET [8], [9]. In
addition, changing the InAlAs composition from that at
lattice-matching in the direction of increased AlAs intro-
duces additional DX-like centers [15], which could have
a negative impact on MODFET performance. The MID-
FET is therefore very well suited for a strained
In, Al, _,As insulator.

Decreasing the InAs composition of InAlAs rapidly
brings about an increase in the conduction-band discon-
tinuity (AE,) between the In,Al, _,As insulator and the
Ing 53Gag 47As channel (Fig. 1). In fact, one gains rapidly
till an InAs fraction of about 0.32, at which point the con-
duction-band minimum changes from the T to the X valley
[16] and the rate of increase of AE. becomes minimal.
However, changing the InAs fraction of Ing s,Al 45As also
changes its lattice constant from that of InP, introducing
strain. Therefore, for a given gate-insulator thickness, a
critical value of InAs mole fraction is expected to exist
beyond which dislocations are formed at the channel/in-
sulator interface, possibly resulting in severely degraded
device performance. The study of this fundamental trade-
off from a device perspective is the purpose of this paper.

To explore the minimum tolerable (InAs), composition
in the insulator, we have fabricated In,Al, _ As/n*-
Ing 53Gag 47As MIDFET’s with x = 0.52, 0.48, 0.40, and
0.30. Extrapolating from the coefficients of InAs and AlAs
using the method of Van de Walle [17] to include the ef-
fects of strain, AE, is expected to increase from 0.49 eV
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Fig. 1. Schematic energy band diagram of intrinsic FET structure as a
function of InAs mole fraction x in the In Al _, As barrier layer. showing
the rapid increase in AE, with decreasing x.

atx =0.52t00.56 eV atx = 0.48, 0.67 eV at x = 0.40,
and 0.81 eV at x = 0.30. The Schottky-barrier height will
be approximately 0.2 eV greater than these numbers, since
the surface Fermi level of the Ing 53Gag 47As cap is pinned
0.2 eV below its conduction band [18]. The following
benefits have been experimentally confirmed in these
MIDFET’s: reduced gate leakage, improved gate break-
down voltage, and reduced real-space transfer of hot elec-
trons from the channel to the gate. In addition, our results
also show that decreasing the InAs fraction from 0.40 to
0.30 results in a sharp decrease in device transconduc-
tance. This has been found to be due to a large density of
misfit dislocations, which restrict current flow [19].

II. EXPERIMENTAL

A cross section of the device structure is shown in Fig.
2. Four wafers were grown by MBE in MIT’s Riber 2300
system. They were grown with InAs mole fractions in the
In, Al, _,As gate barrier layer of 0.52 (lattice matching),
0.48, 0.40, and 0.30. The starting material was semi-in-
sulating Fe-doped InP. Surface preparation of the InP
wafer was carried out using a 3:1:1 H,S04:H,0,:H,0
etch followed by a 1 :20 bromine-methanol etch. The de-
vice structure consists (from bottom to top) of a 1000- A
undoped Ing 5,Alg 45As buffer layer, a 100- A undoped
Ing 53Gayg. 47As subchannel a 100-A heavily Si doped (N,
=4 x 10" cm™?) Ing 53Gag 47As channel, a 300- A un-
doped In Al, _ As gate insulator layer, and an undoped
50-A Ing 53Gag 47As cap. The subchannel separates the
channel from the reverse InGaAs /InAlAs interface, im-
proving transport characteristics [20]. In the Al-
GaAs /GaAs system, impurity segregation towards the in-
terface, as well as interface roughness, has been known
to cause a poor reverse interface [21].

Device fabrication is similar to that used in [22]. In
summary, isolation was performed by chemically etching
a mesa down to the InP substrate using a
H,SO,:H,0,:H,0 1:10:220 etch. For the ohmic con-
tacts, 1500 A of AuGe followed by 300 A of Ni were
evaporated, lifted off, and alloyed at 350°C for 1 min.
For the gate, 300 A of Ti, then 2000 A of Au were
e-beam evaporated and lifted off. This Ti/Au procedure
was repeated to form the contact pads.

I-V characteristics were measured for devices with a
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Fig. 2. Schematic cross section of the fabricated In Al, (As/n"-
In, <:Ga, ,-As MIDFET's.

nominal gate length of 1.5 um and width of 30 um. The
actual gate lengths (measured by SEM) ranged from 1.4
to 2.1 um, with an average of 1.8 um. At these small gate
lengths, the devices are velocity saturated at their oper-
ating points. The differences in the peak transconduc-
tances and drain currents should therefore be more rep-
resentative of changes in the material, rather than due to
changes in gate length. To show these trends, we have
randomly selected ten devices from our one-eighths pieces
of 2-in wafers, and have plotted our data with error bars
representing two standard deviations. In all devices con-
sidered here, electron transport takes place along the [011]
direction. The nominal gate-source spacing is 2 pm.
Transmission-Line Model (TLM) measurements were
used to obtain the contact resistance. The extrinsic chan-
nel sheet resistance and the source resistance were ob-
tained by the all-electric Floating-Gate Transmission-Line
Model (FGTLM) method [23], [24].

The gate I-V characteristics were measured with the
drain and source contacts shorted to ground, and the gate
terminal biased. For lack of a better definition, we defined
the reverse breakdown voltage at a gate current of 0.3
mA, which corresponds to about 3.5% of the peak drain
current of the reference device. All measurements were
done using an HP4145A semiconductor parameter ana-
lyzer.

III. RESULTS

Fig. 3 is a plot of the transconductance versus gate—
source voltage of representative devices from each of the
four wafers. These data were obtained for V,;, = 4 V. For
the x = 0.52, 0.40, and 0.30 devices, two major trends
are noticeable as x is decreased. First, the peak g, de-
creases as x is decreased. This decrease is more pro-
nounced between x = 0.40 and x = 0.30 than between x
= 0.52 and x = 0.40. Values calculated by averaging
over ten devices show a decrease in peak g, from 218
mS/mm at x = 0.52 to 189 mS/mm at x = 0.4 to 127
mS /mm at x = 0.30. This is a drop of 13% forx = 0.40
and a drastic 42 % for x = 0.30 from the reference device.
As discussed later, this has been found to be due to the
presence of a large density of misfit dislocations in the x
= 0.3 sample [19]. Secondly, the g,, versus V,, curve be-
comes flatter and remains positive for larger V,, as x is
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Fig. 3. A plot of transconductance versus gate-source voltage, showing
transconductance degradation with decreasing InAs mole fraction in the
In Al _,As barrier layer.

decreased. This results in a more linear device which is
able to handle a larger input voltage swing. The x = 0.48
device is anomalous in that its peak g,, is lower than that
of the x = 0.40 device. The x = 0.48 devices were
slightly misaligned, resulting in a larger source resis-
tance, which could be responsible for this effect.

Fig. 4 shows the variation of the contact resistance R,
the sheet resistance Ry, and the source resistance R, with
x. The values of R. are averages over five TLM struc-
tures, and the values of R, and R, over five FGTLM
structures. R, monotonously increases with decreasing x.
Auger electron spectroscopy on ohmic contacts to Al-
GaAs/GaAs MODFET’s has shown that in a good ohmic
contact, the Al migrates out of the barrier layer into the
contact metal [25]. A larger Al fraction in the barrier,
which results in a larger R, is consistent with a model
involving the destruction of the barrier by Al outdiffusion
in the process of forming the ohmic contact. R, is fairly
constant from its value at lattice matching down to x =
0.40, but then increases for x = 0.30. A large density of
misfit dislocations, partially depleting the channel, would
increase R, The value of R, directly measured from the
FGTLM, is consistent with the value calculated from R,
and Ry, i.e., R, = R. + L,; X Ry, where L, represents
the separation from source to gate. The x = 0.48 device,
due to its larger gate-source gap (as indicated by SEM
measurements), has a higher R, than would be predicted
by interpolation. This could explain its anomalous g,, re-
sult.

Fig. 5 shows the variation of g,,, 8,0 and I,y With x.
These values are averages over ten devices, with the error
bar representing two standard deviations. The intrinsic
transconductance g,,0 was calculated using the measured
R, values above. Both g, and g, decrease with decreas-
ing x while Fym,x).increases up to x = 0.4 from its value
at x = 0.52 in spite of the decreased g,,. This is due to
the gain in operating range into higher V,, that the in-
crease in A E, has permitted.

Fig. 6 shows the variation of gate current with gate
voltage for devices with L, = 1.5 um, and W, = 30 um
at Vy = 0 V. The forward gate current decreases for de-
vices with lower x. This is expected because of the in-
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Fig. 4. A plot of statistically averaged contact resistance R, sheet resis-
tance R,,, and source resistance R, as a function of InAs mole fraction in
the In, Al, _ As barrier layer. All three resistances decrease with increasing
X.
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Fig. 5. A plot of statistically averaged peak intrinsic and extrinsic trans-
conductances (g,, and g,,0), and maximum drain current I,,,,,, as a func-
tion of x, over ten devices.
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Fig. 6. A plot of gate current versus gate-source voltage as a function of
x for the MIDFET, with ¥,, = 0V, L, = 1.5 ym, and W, = 30 pm.

crease in conduction band discontinuity between the
Ing 53Gag 47As channel and the In Al, _,As gate. As seen
by the broader g, versus V, curves (Fig. 3), this decrease
has resulted in an increased operating range. This benefit,
however, is not realized for low forward V,,, as seen in
Fig. 6, and is attributed to gate-edge leakage. The edge
leakage path is the poor Schottky barrier formed between
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Fig. 7. A plot of gate current versus drain-source voltage as a function of
x, showing the effects of RST. RST is eliminated for x < 0.40.

the mesa edge and the gate metal overlap where the gate
metal comes in direct contact with the heavily doped
channel. Edge leakage has been shown to significantly in-
fluence the forward characteristics of devices of this type
[26]. On the scale of Fig. 6, the reverse current is negli-
gible.

Fig. 7 shows the variation of the gate current with drain-
source voltage for each of the four InAs compositions at
Voo = 1.2 V. The gate current initially decreases with in-
creasing V,, due to the reduction of the forward gate-chan-
nel bias on the drain half of the channel. For the InAs
fractions of 0.52 and 0.48, an increase in I, is observed
at a certain threshold of V,, followed by subsequent sat-
uration. Since similar effects have been reported for real-
space transfer (RST) transistors [27], [28], we attribute
this effect to the real space transfer of electrons from the
channel to the gate. Note that the threshold V,, for RST
increases with an increase in AE,, and in fact, RST is
essentially nonexistent for x < 0.40. The RST V, thresh-
old was also seen to increase with lower V,,. These ob-
servations are consistent with the fact that a larger electric
field in the channel is required to initiate RST over a
higher barrier. Our results show that RST is reduced with
increasing conduction-band discontinuity, and given a
large enough AE,, can actually be eliminated.

For our HFET’s, real-space transfer of electrons is a
deleterious mechanism since it decreases the drain cur-
rent, as displayed in Fig. 8, which shows the drain current
versus the drain-source voltage for each of the InAs frac-
fions at a gate voltage of 1.2 V. On comparing Figs. 7
and 8, it is seen that for the devices with InAs fractions
of 0.52 and 0.48, the increase in gate current is coincident
with the decrease in drain current. This negative differ-
ential resistance region in insulating-gate HFET’s has
been observed by other authors [28], {29]. /, is not de-
graded when RST is minimized. The increased /,, the re-
duction in the operating point gate current, and the reduc-
tion of unstable negative resistance regions are the merits
of reduced RST in these wide-bandgap insulator devices.

A final advantage of the strained-insulator MIDFET’s
is the enhanced gate—channel breakdown voltage. This re-
verse-bias gate—channel diode characteristics are shown
in Fig. 9. As mentioned above, we have defined break-
down at a gate leakage current of 0.3 mA. Breakdown
voltages of 13.7, 16.2, 22.7, and 28.8 V were measured
for devices with InAs fractions of 0.52, 0.48, 0.40, and
0.30, respectively. The rapid increase of breakdown volt-
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Fig. 8. Transistor drain current versus drain-source voltage characteristics
as a function of x, displaying the deleterious effects of RST.
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Fig. 9. Reverse-bias gate-channel diode characteristics at ¥V, = 0 V for

the MIDFET, with L, = 1.5 um and W, = 30 um. The plot shows the
rapid increase in breakdown voltage with decreasing InAs mole fraction in
the In  Al, _, As barrier layer.

age with a reduction in InAs mole fraction makes wide-
bandgap insulator MIDFETs attractive for power micro-
wave applications.

IV. DiscussiON

The gain in conduction-band discontinuity at lower
InAs fractions is not fully evident in the low-voltage for-
ward /,~V,; characteristics of the devices (Fig. 6). As
mentioned previously, this is attributed to leakage at the
gate metal-mesa edge overlap [26]. Heterostructure
diodes without this edge leakage path were measured to
separate out this effect. These diodes have an area of
10 000 um?, about 220 times the area of the device gate.
Since the gate is fully contained inside the mesa, there is
no gate-mesa edge overlap [26]. Fig. 10 shows their for-
ward characteristics for each x at 300 and 100 K. The flat-
band voltage for these diodes is calculated to be 0.4 V.
For the low (InAs), diodes, turn-on does not occur till
well beyond flatband (see Fig. 10), i.e., turn-on is di-
rectly limited by the conduction-band discontinuity {12].
However, it is possible that a large density of misfit dis-
locations could result in Fermi-level pinning at the inter-
face, giving the effect of a larger AE, [31] and artificially
increasing the turn-on voltage of the x = 0.30 diode. For
all x, cooling the diodes have resulted in a drastic reduc-
tion in forward diode current. This suggests that the dom-
inant forward-gate current mechanism is thermionic emis-
sion, since thermionic emission is suppressed both with a
reduction in temperature and an increase in AE,.. The
promising forward current reduction of the low (InAs),
diodes show that edge isolation technology is necessary
for a more effective reduction in forward /, in these wide
bandgap In,Al, _ ,As HFET’s.
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Fig. 10. Forward /-V characteristics of heterostructure diodes as a func-
tion of x at 300 and 100 K. Gate leakage is significantly reduced with de-
creasing InAs fraction in the In Al, ., As barrier layer and at lower tem-
perature.

The reverse diode characteristics are plotted in Fig. 11
for each x at 300 and 100 K. For reverse bias, the Schottky
barrier limits the diode current. The presence of three dis-
tinct regions is noted in order of increasing reverse-bias:
pre-threshold, plateau, and breakdown. The pre-threshold
to plateau transition corresponds to the channel being
pinched off, thereby saturating the area-related gate leak-
age component [26]. As x is decreased, this pre-threshold
reverse leakage current sharply decreases, corresponding
to a larger barrier height of the gate metal /In, Al, _  As
Schottky junction for smaller x. For x = 0.3, the enhance-
ment in the Schottky barrier height has virtually elimi-
nated the reverse leakage current. For smaller x, the pla-
teau region becomes wider, and breakdown occurs at
higher values of reverse bias. The x = 0.30 diodes broke
down destructively, and with a lot of noise, at 25 to 50
uA, whereas the other diodes had a soft, nondestructive
fairly smooth breakdown. The breakdown voltage of these
diodes is lower than that of the FET’s because the diodes
have four sharp corners on the mesa, while the FET gates
consist of parallel edges. While the mechanism for even-
tual breakdown is not clear, a reduction in temperature
has reduced the reverse leakage resulting in a larger
breakdown voltage. The reduction in reverse current both
with a reduced InAs mole fraction (larger Schottky-bar-
rier height), and a reduction in temperature points to ther-
mionic emission. The destructive and noisy breakdown of
the x = 0.3 device perhaps corresponds to the onset of
another mechanism.

As x is reduced from lattice matching, strain builds up
in the In Al, _,As layer. The x = 0.52 and x = 0.48
devices fall within the Matthews-Blakeslee critical layer
limit of x = 0.45 for 300- A thickness [30]. The x = 0.40
and x = 0.30 devices fall outside. We have, using a dark-
field optical microscope, seen misfit dislocations in the x
= 0.4 and x = 0.3 processed device samples. A more
complete description is presented in [19]; the main con-
clusions are summarized here. The dislocations are uni-
directional and run along [011]. For the x = 0.4andx =
0.3 samples, devices with current flow along [011] had a
higher transconductance and lower sheet resistance than
devices with current flow along [011], i.e, perpendicular
to the dislocation. Devices on the x = 0.52 and x = 0.48
samples showed no such orientation dependence. From
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Fig. 12. I-V characteristics of MIDFET with x = 0.4 and ¥, up to 10 V.,
showing its suitability for power microwave applications. The device also
has good pinchoff.

these data and other data supporting Fermi-level pinning
at the misfit dislocation [31], we deduce that misfit dis-
locations partially deplete the portion of the channel in
their proximity. The orientation dependence arises be-
cause these (cylindrical) depletion regions provide more
of a bottleneck to current flow perpendicular, rather than
parallel to them. For a low dislocation density (x = 0.4),
devices with current flow along the dislocations, [011],
are only slightly degraded, whereas devices with current
flow perpendicular to the dislocations, [011], are consid-
erably degraded. For a high dislocation density (x = 0.3),
however, even devices with current flow along [011] are
significantly degraded. These dislocations, however, do
not contribute to increasing forward or reverse leakage
currents, and the effects of increased AE,. and Schottky
barrier heights are clear from Figs. 10 and 1. Our results
show that the benefits of decreasing the InAs mole frac-
tion of the In, Al, _ ,As insulator continue beyond the crit-
ical layer limit, as long as the dislocations are sufficiently
sparse and the current is oriented along the dislocation.

The characteristics obtained for reduced (InAs), de-
vices make them promising for power microwave appli-
cations. Fig. 12 shows the /-V characteristics up to V,, =
10 V of the x = 0.4 device. In this photograph, the power
has been restricted, as devices were not mounted on a heat
sink, and burnt out at higher power. Well-behaved char-
acteristics have been obtained.

V. CONCLUSIONS

In Al, _,As/n"-Ing 5;Gag 4;As HFET’s have been fab-
ricated with a decreased InAs fraction in the In, Al _ As
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insulating layer. Reduced InAs (or enhanced AlAs) mole
fractions in the insulator result in increased gate Schottky-
barrier height and an increased A E, between the channel
and the insulator. This has important benefits for the de-
vice. such as reduced gate leakage current, increased re-
verse breakdown, and reduced real space transfer. The
tradeoff in decreasing the InAs mole fraction, however, is
a decrease in the peak transconductance from the intro-
duction of misfit dislocations. However, I,y actually
increases for a certain range of decreasing (InAs), due to
the greater voltage range applicable to the gate. The x =
0.40 and x = 0.30 devices are over the Matthews-
Blakeslees limit of x = 0.45 for the 300- A -thick layer.
and have a unidirectional array of misfit dislocations in
the [0T1] direction. For current flow in [011]. the trans-
conductance of the x = 0.30 device was drastically de-
graded, but the x = 0.40 device showed only slightly de-
graded transconductance. For our device design, our
results at x = 0.4 show this to be close to the optimal
composition of the In Al _ As insulator. Our results
show that the benefits of decreasing the InAs mole frac-
tion of the In, Al, _As insulator are available slightly be-
yond the Matthews-Blakeslee critical layer thickness, de-
spite the presence of misfit dislocations, for current flow
in the direction of the dislocation. Wide-bandgap
In, Al, _,As devices show promise for power microwave
applications.
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