Transport properties and applications of unstrained In, ,; Ga, ,; As/

Al, ; Ga, , As heterojunctions
D.V. RossiandE.R. Fossum

Department of Electrical Engineering, Columbia University, New York, New York 10027

P.D. KirchnerandJ. M. Woodall

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

(Received 30 January 1990; accepted 10 April 1990)

The electrical and structural properties of a severely mismatched MBE-grown InGaAs/AlGaAs
heterojunction were investigated. The heterojunction shows rectification and the InGaAs’s
mobility is measured to be 142 cm®/V s. This low mobility InGaAs contact can be used as the
resistive, rectifying contact of a heterojunction-resistive-gate charge-coupled device.

I. INTRODUCTION

While emphasis has been placed on coherent heterojunc-
tions for high speed device structures, the use of mismatched
layers unstrained via misfit dislocations has been limited.
Yet, in certain cases, the misfit dislocated layer can be ad-
vantageous. For example, in the growth of GaAs on
In, s; Gag 4, As it has been shown that the misfit dislocations
can be isolated to the GaAs interface region suggesting the
integration of optoelectronic and high speed logic devices.'
Alternatively, In,,Ga, c As has been grown on GaAs sub-
strates yielding high performance 1.3 ym metal-semicon-
ductor-metal (MSM) detectors which can be integrated
with high speed GaAs devices.” In fact, the incorporation of
a misfit dislocated layer in the active portion of heterojunc-
tion bipolar transistors has resulted in higher gain devices
compared to those in which a pseudomorphic layer was
used.’

In this work, a misfit dislocated Ing,sGag,sAs/
Al,¢Ga,,As heterojunction was investigated, since its
properties are efficacious for the implementation of a semi-
conductor, resistive gate GaAs channel charge-coupled de-
vice. As depicted in Fig. 1, a resistive gate charge-coupled
device (RGCCD) employs a resistive layer which acts as a
continuous potential divider between spaced phase elec-
trodes, ensuring that the charge moves under the constant
influence of an electric field.* Conventional RGCCDs utilize
a ceramic metallic (cermet) compound whose composition
must be carefully controlled to ensure proper optical and
electrical properties.” The use of a semiconductor resistive
gate, however, exploits the compositional control and uni-
formity inherent in molecular beam epitaxy (MBE). In ad-
dition, novel device structures, such as an internal photoe-
mission CCD imager, can be implemented since the band
offset between the resistive and channel layer can be con-
trolled through proper selection of materials. The InGaA-
s/AlGaAs heterojunction was chosen since the small band
gap, high electron affinity InGaAs suggests a large band off-
set to AlGaAs,® yielding a low leakage structure. Further-
more, nonalloyed ohmic contact formation to air-exposed
InGaAs containing a large In mole fraction is facilitated by

the Fermi level being pinned near the conduction band,’
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which simplifies the RGCCD fabrication process. This pa-
per reports the basic electrical properties of this severely mis-
matched heterojunction. The heterojunction shows rectifi-
cation and in one sample exhibited a 1.0 eV barrier height.
The low mobility observed in the InGaAs layer is attributed
to defects, and is advantageous for the RGCCD application.

Il. EXPERIMENT

Figure 2 illustrates the basic layer structure used for the
experiments. The material was grown by MBE on (100)
oriented semi-insulating GaAs substrates. After a 1 gm un-
doped buffer layer, 2 0.2 ym, 10" cm ~* n-type GaAs active
layer grown and monotonically graded over 20 nm to
Al, Ga,, As (which was undoped) in order to enhance the
band offset between the active and resistive layers. Prior
work® has shown that the measured barrier height between
GaAs and In, ;5 Ga, 5 As can also be enhanced by incorpor-
ating a thin layer of As at the interface; however, this method
was not applied to these structures. At this point, two differ-
ent growth sequences occurred: 45 nm of In, ;5 Ga, ,; As was
grown on sample 1, while on sample 2 5 nm of In, ; Ga, , As
was grown followed by 40 nm of In,,s Gag,s As. Previous
investigation'®  of  three-dimensionally  nucleated
In, 4 Ga, , As showed a regular array of edge-type misfit dis-
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F1G. 1. Schematic cross section of a resistive gate charge-coupled device and
the channel potential.
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locations formed at the interface during an early stage of
growth which accommodates approximately 80% of the
mismatch to GaAs. This allows the thin In, ;s Ga, ;5 Aslayer
to be grown on the In, , Ga, ; As under reduced strain condi-
tions, in contrast to the first sample where plastic deforma-
tion would be expected to continue throughout growth. Both
samples were capped with 10'® cm ~* Si doped InAs to assist
ohmic contact formation. The entire resistive gate was
grown at a 450 °C substrate temperature.

These samples were then processed to form the RGCCDs
as well as conventional capacitive gate CCDs and numerous
test structures for characterizing the heterojunction and ma-
terial properties. Processing begins with device isolation by
first etching the InGaAs layer with H,S0,:H,0,:H,0
(1:1:90) followed by etching the active layer down to the
undoped buffer layer using NH, OH:H, O, :H, O (1:1:200).
The former etchant removes the InGaAs at a rate of approxi-
mately 1.4 nm/s and is not selective, while the latter etchant
removes about 120 nm/min of the active layer. Having cali-
brated the InGaAs etch rate during the mesa level, the same
etchant is used to define the resistive gate regions by a timed
etch down to the active layer. AuGe ohmic contacts are
formed by lift-off and rapid thermal annealing at 425 °C for
40 s in a forming gas ambient. Cr/Au is then patterned,
simultaneously forming Schottky barriers to the active layer
and nonalloyed ohmic contacts to the InGaAs resistive lay-
er. At this point, all the test structures are complete and the
remaining processing is for the CCDs alone. This involves
electron-beam evaporated SiO which is used as an intermetal
dielectric separating the gate level metallization from the
subsequently deposited Cr/Au interconnect metal.

Hl. RESULTS AND DISCUSSION

The barrier height associated with transport across the
heterojunction barrier was calculated using the results of a
room temperature current-voltage (/~¥) measurement, as-
suming a simple thermionic emission process obeying the
basic Schottky barrier expression. Figure 3 depicts typical /-
¥ curves for samples 1 and 2. Despite the fact that sample 2
was nucleated with Ing o Ga, ; As, whose band gap is approx-
imately 120 meV smaller than that for In,;; Gay,s As, the
barrier heights for both samples are comparable and are 0.81
and 0.79 eV, respectively. This result would imply that the
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Fermi level is pinned by electrically active misfit dislocations
at the interface.'° It must be reported, however, that the bar-
rier height measured for the heterojunction formed on a wa-
fer grown several months earlier yielded a barrier height of
1.0eV (Fig. 4). Such alarge barrier height may be applicable
to MESFETs incorporating the InGaAs gate structure,
translating into a larger noise margin. This wafer was grown
similarly to sample 1, except the GaAs epitaxial layer was
0.5 um and doped at 5X 10'® cm ~® and the graded AlGaAs
layer was also doped at this level. These differences, how-
ever, cannot account for the 0.2 eV discrepancy in observed
barrier height and until a controlled experiment is per-
formed this interesting result can be attributed to possible
differences in the AlGaAs compositional grade, since the
samples were grown at different times.

A resistive gate FET from sample 2 is depicted in Fig. 5,
confirming the resistive gate’s ability to modulate the chan-
nel potential. These RGFETs were comparable to conven-
tial MESFETs present on the same sample with respect to
transconductance and threshold voltage. Hall effect mea-
surements performed on both layers indicate a mobility of
142 cm?/V s, which is considered to be defect limited, and an
n-type sheet carrier concentration of 2.7 X 10> ¢cm ~ 2. Such a
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F1G. 3. Typical current-voltage curves for heterojunction Schottky diodes
formed on samples 1 and 2.
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Fi1G. 4. Typical current-voltage curve for heterojunction Schottky diodes
formed on a wafer similar to sample 1 but grown many months earlier. This
high 1.0 eV barrier height has not yet been reproduced.

low mobility is expected, considering the rapid mobility deg-
radation with decreasing film thickness observed for InAs
layers grown on GaAs.''""?

The InGaAs resistive layer’s mobility can also be deter-
mined by measuring either its dc conductance or its small
signal ac conductance while ramping the bias of the GaAs
channel region.'* The structure used for this measurement is
essentially a 100 um gate length RGFET possessing two gate
finger contacts, one at each end of the resistive gate. It can be
shown that the resistive gate’s dc sheet conductance G, is
given by the expression G, = G, + (u,qeN,A)/C, where
G, is the bulk conductance of the resistive layer, correspond-
ing to a flatband condition, g, is the InGaAs mobility, ¢ is
the electric charge, € is the GaAs dielectric constant, NV, is
the GaAs doping concentration, A is the resistive gate area,
and C'is the capacitance of the resistive gate structure and is
the same expression as for conventional Schottky barriers. It
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FIG. 3. dc drain characteristic of a resistive gate FET formed on sample 2.

J. Vac. Sci. Technol. B, Vol. 8, No. 4, Jul/Aug 1990

781
110
2
o 145 g’

o
%
K
w)
S ‘1
©
8 w0
c
G
D
3
g %
(=]
QO
g
£ 701
o

60 — v

7 [ 11 13 15 17

100/C (1/pF)

FI1G. 6. Sheet conductance of resistive gate layer vs reciprocal gate capaci-
tance.

follows directly that the small signal conductance g, is re-
lated to the mobility by the expression g, =, V,C/A,
where ¥V, is the dc bias between the two contacts to the resis-
tive gate. Figure 6 depicts the result for the dc measurement
while the ac measurement, which was performed at 10 kHz
using a Stanford Research Systems SR530 lockin amplifier,
is shown in Fig 7. While the mobility extracted from the dc
measurement corresponds to the Hall effect measurement,
the mobility determined from the ac technique is somewhat
low, yet reasonable. Thus, this technique is useful for mobil-
ity characterization of such structures.

iv. SUMMARY

The basic electrical properties of a severely mismatched
InGaAs/AlGaAs heterojunction have been presented. A
barrier height of approximately 0.8 eV is measured for this
heterojunction, regardless of the 0.15 InAs mole fraction
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Fi1G. 7. Small signal sheet conductance divided by resistive gate dc bias vs
gate capacitance.
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difference of the interfacial InGaAs, suggesting that the Fer-
mi level is pinned by the misfit dislocations. The low mobil-
ity InGaAs layer and good rectifying nature of this hetero-
junction, has been exploited in the implementation of a
heterojunction-resistive-gate CCD whose performance will
be reported elsewhere. In addition, a 1.0 eV barrier height
has been measured for a similar heterojunction which,
though not yet reproduced, could have MESFET applica-
tions.
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