High-field transport properties of InAs,P;_,/InP (0.3<x<1.0) modulation
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We have measured the high-field transport characteristics of pseudomorphic InAs.P,_,/InP
(0.3<x<1.0) modulation doped heterostructures at 300 and 77 K. The field dependent steady
state average velocities increase steadily with increase in x. The maximum velocities that have
been measured in InAs/InP are 1.7X 107 em/s (2.5 kV/cm) and 3.2X 107 cm/s (2.2 kV/cm)
at 300 and 77 K, respectively. These are the highest velocities measured in any modulation
doped heterostructure. The field dependent channel carrier concentration and mobility data
indicate that there is very little real space transfer of carriers at high fields and this is confirmed
by results from steady state Monte Carlo calculations.

I. INTRODUCTION

The InAsP/InP strained heterostructure system is po-
tentially useful for long-wavelength optoelectronic device
applications.!™ It can also be a heterostructure of choice
for high-performance heterostructure field effect transis-
tors. Recent theoretical work has predicted their suitability
for short channel devices.* Experimental work on relaxed
InAsP alloys® indicates that the transport properties are
very favorable and the I'-L separation is quite large (Table
I). We have recently made® 0.5 um gate modulation doped
field effect-transistors (MODFETs) with pseudomorphic
InAsg ¢Po4/InP heterostructures and the results are very
promising. The measured value of the maximum external
transconductance is 320 mS/mm and fr and f,,, in the
same device are 55 and 60 GHz, respectively. In this work
we have made a systematic study of the high field transport
parameters—electron velocity and mobility—in pseudo-
morphic InAs,P;_/InP (0.3<x<1.0) heterostructures.

li. EXPERIMENTAL TECHNIQUES

The InAs,P;_,/InP modulation doped heterostruc-
tures were grown in a low-pressure (76 Torr) organome-
tallic chemical vapor deposition (OMCVD) reactor. The
epitaxial layer structures are shown in Fig. 1(a). Reagents
were trimethylindium (TMI), 10% arsine in hydrogen,
and 20% phosphine in hydrogen. Hydrogen sulfide diluted
to 1000 ppm in hydrogen was used as an n-type dopant
source. The doping level of the doped InP layer is 3 X 108
cm 3. The mole fraction of TMI was set at 4.375X 107 to
give a growth rate of about 6.8 A/s. As the strain increases
there is an increasing tendency for balling-up and hence
three-dimensional growth. This tendency is enhanced by
the high mobility of the indium on the growing surface. In
order to overcome this problem, high total group V mole
fraction and low growth temperature were used with the
temperature decreasing as the strain increased. The thick-
ness of the InAs,P,_ . channel layer (y) was 100 A for
x=0.3, 0.6, and 0.8, whereas it was reduced to 50 A for
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x=1.0. For comparison, a lattice matched Ing53Gag 47As/
InP heterostructure, indicated in Fig. 1(a), was also
grown. Some measured parameters of the layers are listed
in Table L

The compositions of the layers were measured by using
double crystal x-ray diffraction and were determined by
matching experimental x-ray rocking curves of the struc-
tures shown in Fig. 1(a) to those of simulations from the
dynamical x-ray diffraction theory.” The effect of strain on
the lattice parameters was included in the simulation.

Velocity-field and mobility-field characteristics were
made on planar H devices® and Hall bar geometry devices.
These devices were fabricated using a planar process. First,
mesa isolation was made by a 0.2-0.25 pm wet chemical
etch. Ohmic contacts were made by electron-beam evapo-
ration of Ge/Au/Ni/Ti/Au followed by rapid thermal an-
nealing. The schematic of the H device, shown in detail in
Ref. 8, is shown in Fig. 1(b), where the dimensions are
also indicated. The electric field is determined from the
potential profile in the bridge region measured at succes-
sive ohmic contact fingers along the bridge, which are not
shown. This particular device geometry ensures that pos-
sible domains nucleating near the contacts will not propa-
gate into the bridge region and interfere with the measure-
ment when time current instabilities occur. The input
voltage pulse (200 ns) and output current pulse are re-
corded on a sampling scope. The carrier velocity is com-
puted from the measured current density by taking into
account the field dependent carrier density obtained from
pulsed field dependent Hall measurements. All the mea-
sured results indicate that the electric field distribution was
uniform in the bridge region.

1il. RESULTS AND DISCUSSION

The velocity-field characteristics of InAs/P;_./InP
(0.3<x<1.0) computed from measurements at 300 K are
shown in Fig. 2(a). The highest field shown for each com-
position represents the point beyond which accurate mea-
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TABLE I. Transport-parameters of InAs,P;_ P/InP and Inys;Gag4;As/InP modulation doped heterostructures.

Hall data for E=0

InAs.P,_, AE,=0.65AE, at 30K
Modulation doped channel composition Channel band gap Er_; in InAsP for InAsP/InP 1,%X 10 7
sample (x) at 300 K (eV) (eV)V7 (eV)!® (cm™%) (cm?/V s)
A 0.3 1.053 0.743 0.193 1.88 3100
B 0.6 0.756 0.887 0.386 2.29 * 6100
c 0.8 0.558 0.982 0.515 2.39 7700
D 1.0 0.36 1.078 0.644 5.75 6900
E 0.74 0.55 0.308 1.55 8500

Ing 53Gag 4 As/InP

surements were not possible due to the development of
current instabilities. The cause of such instabilities could be
intervalley transfer, intersubband transfer, and real space
transfer into the buffer layers. For comparison, the mea-
sured room-temperature velocity-field characteristics of the
lattice-matched Ings53GaggsAs/InP  modulation doped
(MD) heterostructure is shown in Fig. 2(b).

Several observations can be made from the data of
Figs. 2(a) and 2(b). First, the measured velocity at a field

Undoped InP 200 A
18 -3

S-doped InP 3x10 cem 200 A

Undoped InP 100A

Undoped InAs Py or I%.SBGaOMAS y A

Undoped InP 5000 A

S.1.(100) InP Subjtrate
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FIG. 1. (a) Schematic of InAs,P,_,/InP and Ing5;Gag 4;As/InP modu-
lation doped heterostructures grown by low-pressure OMCVD, and (b)

schematic of H device defined by photolithography and used to measure
velocity-field characteristics.
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of 2 kV/cm in the Ings;GagsAs/InP is 1.0 107 cm/s,
which is only slightly lower than the velocity measured at
the same field in lattice-matched Ings53GaggsAs/
Ing 5,Alp45As MD heterostructures grown by molecular
beam epitaxy (MBE).® As shown in Table I (AE>0.19eV
for x0.3) due to charge confinement and the difference of
electron affinity between the two materials, most of the
carriers will remain in the channel within the range of
fields in which measurements were made. These velocities
therefore represent the intrinsic transport properties of the
two-dimensional electron gas in all the heterojunctions.
From Fig. 2(a) it is seen that in InAs,P,_,/InP struc-
tures, the velocities increase steadily with field as x in-
creases. In the range of fields over which measurements
have been made, this mainly reflects the increase of the
mobility u(E) =8 (E)/E with reduction in band gap and/
or effective mass. It should be noted that the highest ve-
locities that have been measured are not the peak or satu-
ration velocities. For example, for the InAs/InP sample,
the highest velocity measured at room temperature is 1.7
X107 cm/s at a field of 2.5 kV/cm. This is the highest
velocity measured in a pseudomorphic modulation doped
heterostructure at room temperature®'° and it is clear that
at a field of 3 kV/cm, or slightly beyond, the average ve-
locity of carriers in the InAs channel could be much larger.
In addition to the low gap materials being used, the quality
of the materials and heterointerfaces are also probably re-
sponsible for this improvement.

We will next describe and discuss the field dependent
mobility and carrier concentration data, shown in Figs. 3
and 4, respectively. In Fig. 3 it is seen that u(E) remains
unchanged until £=700-1000 V/cm, beyond which the
mobility decreases. At zero or low fields the mobility in the
two-dimensional electron gas (2 DEG) channel is limited
mainly by optical phonon scattering, remote and back-
ground impurity scattering, alloy scattering, interface
roughness scattering, and intersubband scattering. It is
seen that for E <700 V/cm, the mobility values are pro-
gressively higher for x inéreasing from 0.3 to 0.8, and then
no significant change is seen for x==1.0. The increase
mainly reflects reduced intersubband scattering, slightly re-
duced effective mass, and reduced remote impurity scatter-
ing due to increasing AE..'""!® The reason for a lack of
improvement in going from x=0.8 to 1.0 is thought to be
due to increased interface roughness resulting from a three-
dimensional island growth mode'* at high values of strain.
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FIG. 2. Measured velocity-field characteristics of modulation doped
InAs,P,_./InP (a) and Ings;Gag4sAs (b) at room temperature.

In addition, for the sample with the InAs channel, the
effective mass is actually enhanced due to the stronger con-
finement in a thinner channel. This was confirmed by elec-
tron cyclotron resonance measurements (from 0.0497my
for x=0.8 to 0.0567m, for x=1.0). The decrease of mo-
bility beyond E=(0.8-1.0) X 10* V/cm is principally due
to increased phonon scattering and alloy scattering, as ob-
served from steady state Monte Carlo analysis in the
course of this work. Another minor effect may be tunneling
of carriers to heterointerface defects in the InA]As Iayer.15
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FIG. 3. Measured mobility-field characteristics of modulation doped
InAs,P,_./InP with x=0.3, 0.6, 0.8, and 1.0 at room temperature.
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FIG. 4. Measured variation of sheet electron concentration with electric
field for InAs,P,_,/InP modulation doped heterostructures with x=0.3,
0.6, 0.8, and 1.0 at room temperature.
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FIG. 5. (a) Velocity-field and (b) mobility-field characteristics of
InAs.P,_,/InP modulation doped heterostructures (x=0.6 and 1.0) at
77 K. The lines in (b) are joins of data.

It is interesting to note that the mobility decrease with an
E~%3 dependence in InAsy;Py,/InP and with an E—%3
dependence in InAsyPy4/InP. For x=0.8 and 1.0, the
dependence is also E%% In general, the decrease in the
slope is expected due to the increasing depth of the pseudo-
morphic well and subsequent reduction in the probability
of transfer of electrons out of the well. The fact that the
slope remains unchanged for x=-0.8 and 1.0 suggests that,
phonon scattering remaining constant, there may be a rel-
atively larger fraction of electrons leaving the channel at
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FIG. 6. (a) Velocity-field characteristics and (b) average electron energy
in the channel of InAs.P;_./InP modulation doped heterostructures at
300 K obtained from steady-state Monte Carlo calculations.

high fields, but not significantly larger. The spillover of
some carriers into the buffer layer in the InAs/InP struc-
ture is also reflected in the relatively low measured mobil-
ity values.

The field dependent electron concentration in the dif-
ferent samples are depicted in Fig. 4. The concentration
remains fairly constant with the field with, at best, a very
small positive slope. The results suggest that there are no
detrapping effects due to traps and interface states and no
spurious injection of carriers from the contacts. The results
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reflect, to some extent, the high quality of the heterostruc-
tures.

Finally, we will discuss the results obtained from mea-
surements made at 77 K. The & —E and u—E data from
x=0.6 and 1.0 are shown in Figs. 5(a) and 5(b), respec-
tively. The maximum velocity measured in the InAs sam-
ple (>3X 107 cm/ s) is higher than that measured in any
other MD heterostructures at 77 K at a comparable elec-
tric field. It may be noted in Fig. 5(a) that at low field the
velocities and mobilities (slope of the O —F curve) are
higher in the Ing ¢Asy 4P channel than in the InAs channel.
This is contrary to expectation and can only be accounted
for by a higher degree of interface roughness in the latter
due to the island mode of growth. At high fields, higher
velocities are measured in the InAs channel than in the
InAsg Py 4 channel. This is due to an increase in the field
dependent alloy scattering in the InAsy 4Py, channel. The
corresponding mobility field data are shown in Fig. 5(b).

With the assumption that at low fields, for which real
space transfer is insignificant, the transport properties in a
bulk channel and a 2-DEG are similar,16 a steady state
Monte Carlo analysis was performed for bulk InAs,P,_,
{0.3<x<1.0) materials at 300 K. The InAsP material pa-
rameters used in this calculation are obtained from inter-
polating over binary systems.!” Only T and L valleys are
considered in this analysis. The scattering mechanisms
considered include polar optical phonon scattering, acous-
tic phonon scattering, intervalley scattering, ionized impu-
rity scattering, and alloy scattering. The average electron

drift velocity and electron energy are calculated at a field

strength of 0-3000 V/cm. The calculated drift velocities
for different As compositions are shown in Fig. 6(a). The
calculated velocities agree remarkably well with the mea-
sured values in Fig. 2(a). The calculated electron energies
are shown in Fig. 6(b). The electron energy remains al-
most constant for the range of the electric fields except for
InAs in which the electron energy increases abruptly at
fields greater than 1000 V/cm. Even at the highest field the
average electron energy is 0.1 eV. This may be compared
with the [-L separation of 1.08 eV in InAs'® and AE,
=0.644 eV in the InAsP/InP heterostructure (assuming
AE,=0.65 AEg, which may not be strictly true). There-
fore, most of the carriers in InAs/InP remain in the chan-
nel at the fields applied during these measurements. How-
ever, it is important to realize that in a practical
InAs,P,_,/InP MD heterostructure where x is large, the
electron effective mass is small, and the channel thickness
is also kept small. Therefore, a significant fraction of the
carrier wave function may reside in regions outside the
channel. Under such conditions the transport properties of
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the regions outside the channel will become important in
determining the device performance.

IV. CONCLUSION

In conclusion, we have made detailed measurements at
300 and 77 K of the high-field transport properties of
pseudomorphic InAsP/InP modulation doped heterostruc-
tures grown by low-pressure OMCVD. Two significant re-
sults emerge from our measurements. First, the high-field
channel velocities are comparable to or better than that of
InGaAs/InAlAs heterostructures. Second, the transport
properties of InAs/InP heterostructures suggest that car-
riers remain confined in the channel even at high fields.
The results clearly demonstrate the potential of this
heterostructure for the design of high performance
MODFETSs and work in this area is already under way in
our group.
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