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We report composite-channel heterostructure field-effect transi@giis T9 with an InAs channel

and an IgdAly;As subchannel. The HFETs are grown on antimonide buffer layers. Two
composite-channel structures with different planar Te doping schemes are designed, fabricated, and
characterized. High radio-frequency transconductances of above 0.9 S/mm58n@Hz current

gain cutoff frequencies are achieved in devices with 500 nm gates. Planar Te doping in the buffer
layers reduces the high kink-effect currents otherwise found in InAs/AISb HFETS, an effect which
can be attributed to either increased breakdown field in thgAlg 4As subchannel or to suppression

of hole blocking in the buffer. The present limitations to device performance and suggested
approaches for their elimination are discussed2@5 American Institute of Physics

[DOI: 10.1063/1.1831545

I. INTRODUCTION designed, fabricated, and characterized in the present work.
. . The objective is to increase the breakdown voltage of InAs-
The INAS/AISb quantum well system is attractive for the based HFETs through the increased band gap of the inserted

realization of high-speed low-power heterostructure field- .
. . . Ing Al 4AS subchannel. IAlg;As has a direct 0.57 eV
effect transistorgHFETS because of high electron mobility band gap, and a large separatior0.6 eV) betweerl” andL

(as high as 30 000 ctfY s at 300 K and high feasible sheet conduction band minim&."*®We therefore expect high peak

Flectron velocity in the high-field region between gate and
ain. Because the InAs channel ang §il ;As subchannel
e, respectively;-1.27% and—1.94% lattice mismatched to

for short gate lengths when drain bias exceeds the energy g?é
he AISb buffer layer, strain effect on the band gap and band

in the channef:® Further, because the staggered band lineu

at InAs/AISb heterojunctions leaves holes without confine-. . . . ) .
lineup must be considered in the layer design and simulation.

ment, some of the impact-ionized holes are drawn into neg%ecause doping is an important factor on the carrier distri
tively biased gate, giving rise to a significant gate leaka ) . . i
y gate, giving 9 g 9%ution and transfer in the composite chantféf’ we choose

component; others accumulate in the buffer layers and in: i ¢ dobi h i this studv- doi
duce nonsaturating drain characteristics by the feedbacﬁ‘é\'0 ierént doping schemes 1n his study. one doping

mechanism, known as the kink efféct. schemg is planar Te doping in top barrier, while the secon_d is
Proposed approaches to improve breakdown include thge doping in the buffer Iaygrs. Finally, the struptgral deS|gn
use of a back gatéincreased quantum confineméndual and measured dc and microwave characteristics are dis-
gating® and an additional InAs subchanfeln InGaAs/ ~ CUSSed:
InAlIAs HFETs grown on InP substrates, breakdown voltage
can be greatly improved by using an InGaAs/InP composit§ pesiGN, GROWTH, FABRICATION
channel, wherein low-field electron transport under theanD CHARACTERIZATION
HFET gate occurs in the high-mobility InGaAs layer, and
high-field transport between gate and drain in the wide ban
gap InP layef’™? Considering the band lineup and lattice
constants, InAs/InAsP and InAs/InAlAs are two possible ma-  As mentioned earlier, a composite-channel device ben-
terial combinations to form composite channels inefits from high mobility in the narrow band gap channel, and
antimonide-based HFETSs. Studies of InAs/lg@#& , com- large impact ionization energy and high saturation velocity in
posite channel have been reported elsewfierepotential  the wide band gap subchannel. To fully take advantage of the
challenge with such channels is the composition control otomposite channel, it is important to assure carrier transfer to
group V components. the wide band gap hvAlg1As subchannel in the HFET high
As an alternative to the growth difficulties of InAsP field region before hot electrons can impact ionize in the
channels, InAs/IpdAlgAs composite-channel HFETs are narrow band gap channel. This high-field region lies between
the gate and drain. Proper introduction of a vertical electric
Author to whom correspandence should be addressed; electronic maifi€!d into the layer structure and carefully controlled conduc-
hklin@engineering.ucsb.edu tion band offset between the two channels are crucial design

4 Strained band gap engineering
and one-dimensional simulation
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parameters controlling carrier transfer. In the strained In, Al,;As  5nm] [in Al As  5nm
Ing Al 4As composite channel cladded by AISb buffer and [AlSb 4.5nm AlSb o nm
top barrier, the band gaps of InAs and) Al ;As and their AlSb Te 45nm
band offsets must be evaluated in order to predict the carrier InAs 8.5nm| |InAs 6.5 nm
distribution in the composite channel as a function of bias. IngeAb,As _ 6.5nm| |, Al,As  6.50m
To avoid generation of defects at the interface due to AISb 20nm|] 1AISb 20 nm
lattice relaxation, and to avoid degradation in the composite Al ,5Ga, ,5Sb 200 nm | ____Te___Snm
channel transport properties, the total strain energy intro- - Alo75G8y555b 195nm
duced by the strained InAs andlghl, ,As layers cannot Buffer Buffer
exceed a critical value, above which the nucleation of misfit SiGans SiGahs

dislocation occurs. The thickness of the epilayer which cor- . . .

.. . . .. IG. 1. Schematic composite-channel layer structures for HFETs(a)ith
re;ponds .tO the critical Stram ener_gy defines the critica op-barrier planar Te dopingtructure A and(b) a buffer planar Te doping
thickness in the system. In discussing the problem of thestructure B.
critical thickness, we follow the considerations presented by
Ball and van der Merwé® The basic assumption of the 11
theory is that the configuration of the epitaxial system is the =~ AEg,=a,(exc+ &yy+ ;) — §A0+ 15E001
one of minimum energy. For a particular bicrystal which
consists of a semi-infinite substrate/buffer M and an epitaxial
layer N of thicknesg grown along the001) direction (M
denotes AISb and N denotes, Ai,_,As in this work, the

critical thicknesg, of the InAl|_As epitaxial layer is given Whereac anda, are hydrostatic deformation potential for the
as conduction and valence band respectively,ande,, corre-

spond to the strain tensors parallel to the interface plane, and
£,, corresponds to strain tensor perpendicular to the interface
plane.A is spin-orbit splitting energy, anéEy; is given by
OEgp1=2b’ (e, &4y, Whereb’ is the shear deformation po-
whereb is the magnitude of the Burgers vectgrandy are  tentjal. All parameters used in the above equations are avail-
the angles between the Burgers vector and the dislocatiogple either from analytic calculations or experimental data
line, and between the glide plane of dislocation and the infgr most 1=V compound semiconductc?d.

terface, respectively; is Poisson’s ratio and is a numerical To understand the carrier distribution and transfer behav-
factor used to take18the core energy of dislocation into acior jn the quantized InAs/ Al ;As composite channel, a
count(usually p=4).”" The termf, is the natural misfit be-  one-dimensional simulatét, which simultaneously solves
tween the IpAl,_,As and the AISb buffer, and defined by  poisson’s and Shrédinger’s equations self-consistently, was

1 9
- E[Ag + AgOEgp + Z(5E001)]1/2, (6)

B b(1-vcog pB) I (p_tc)
" 87lfo|(1 + v)sin Bcosy "o

(&

C

S ag used. Based on the above calculation, the effect of strain on
fO:aO— (2)  the composite channel conduction and valence bands was
B also taken into account in the program. Simulating two de-

vice layer structures shown in Fig. 1, we obtained their band
diagram with quantum states and carrier distribution in the
composite channel. A plot which includes the relationship
between the bias and normalized carrier population in each
channel will be shown.

whereaf‘,‘r and a, stay for the lateral atomic spacing in the

strained and unstrained overgrown layers. Frdm t, may
be calculated for a given natural misfi.

When strain is insufficient to form defects, growth of the
InAs/Ing Al 1As layers is elastically strained, and it is rea-
sonable to apply elastic theory to evaluate the band gap and o
band lineup. Assumirig that hydrostatic strain only causes a B- Growth and fabrication
shift in the conduction band edge, and biaxial strain splits the  The material for this study was grown by molecular
degenerate valence band heavy-hole and light-hole maximaeam epitaxy employing a solid-source Gen || MBE ma-
the shifts of conduction band edgAE.), heavy-hole band chine. The growth front was monitored by reflection high-
edge(AEy), light-hole edge(AE;,), and split-off band edge energy electron diffractiofRHEED) and the growth tem-
(AEgy) can be described by peratures were measured by a pyrometer facing the wafer.

AE, = (et eyy+ £,) 3) The samples initially used 300 A AISb for the buffer layer,

¢ xx Ty vz which was grown metamorphically on a semi-insulating 2 in.
GaAs wafer at 570 °C. During growth of the mismatched
AEpn=a,(Ext 8yy+ 829 = %5E001, (4) AlSb layer, the RHEED pattern transferrgd .from a_spotty one
to a streaky X 3 reconstructed pattern within the first 100 A
of AISb growth. Thereafter a 0.8m-thick AlygAly.Sb

1 1 buffer was grown as the growth temperature was lowered to
AEp = a,(8xc+ 8y + 829 = EAO + ZéEOOl 530 °C. This layer is included because it is more resistant to
oxidation than AlSb. The active device layers were grown on
1 9 i _A-thi
+—[AS+A05E001+ —(5E001)]1’2, (5) top of the buffer Iayer;. These included a 2_000 A-thick
2 Al :Ga) ,sSb layer, which serves as a chemically stable
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mesa floor, a 200 A thick AlISb back barrier, a 130 A strained 200 5
InAs/Ing Al ;As (65 A/65 A) composite channel, a 90-A- ‘r 5 :
thick AISb top barrier, and a 50 A highly lattice-mismatched
Ing 56Al 0.50AS cap layer. The straineddgAlg ;As subchannel
layer was deliberately grown at low 450 °C to suppress de-
fect generation due to lattice relaxatith?>A Te delta dop-
ing sheet was used in each of the two structures grown,
where one structure usedx3L0*? cm 2 doping 45 A above ; : : :
the InAs channel; the other structure used X H'2 cm? 0 i i i i
doping 250 A below the Al ;As subchannel. M e 1

The devices were fabricated using a conventional planar N _ _
process. After depositing Pd/Ti/Pd/Au source and drail’FlG' 2. Crltllcal thlf(r:kness dependence on In ratio for th@Aln,As layer
contact€* which were annealed at 180 °C for 20 min in the 2" O AISP buffer

air, device mesas were formed for device isolation using botlyaineqd ayer growth of the composite channel. Results are
wet and dry etching processes. Following optical gate lithogp o in Fig. 3, where the InAs andlgAl, ;As band gaps

raphy,_Ti/Pd/AL_J gate m_etals were then evaporated and ”fteﬁecreased from 0.36 and 0.57 eV to 0.23 and 0.34 eV, re-
off. Finally, Ti/Pd/Au interconnects bonding pads were gnectively. The calculated conduction band offset between
formed by metal evaporation and lift-off. the InAs channel and the dgAl o ;As subchannel is 94 meV.
In addition, the composite channel system maintains the ad-
vantage of a deep quantum well, but maintains the disadvan-
Standard electrical measurements were used to charat&ge of a zero of hole confinement in the channel.
terize material quality and device performance. Room-  Applying the results of these band calculations, the two
temperature Hall measurements were performed in van deéfevice structures were simulat€dFigures 4a) and 4b)
Pauw geometry on as-grown material. From Hall data, lowrepresent the band diagrams of the A and B layer structures
field carrier mobility and sheet resistance in the compositéhown in Figs. (& and X1b), respectively. The quantized
channel were obtained. During device fabrication, contacground and second states are showrEgsand E; in each
resistance and sheet resistance were examined using trafigure. A study of carrier distribution and sheet carrier con-
mission line methodTLM) patterns. HFET common-source centration versus gate bias is given in Fig. 5. Both devices
dc characteristics were measured, and S parameters weyield the same-0.82 V threshold voltage. With no gate bias
measured on wafer from 5 to 40 GHz. From the measured 8pplied, 75% electrons are in the InAs channel in the A struc-
parameters, we determined the current gdip, Mason’s  ture, compared to 53% in the B structure. As negative gate
unilateral power gainyJ, and radio-frequencyrf) transcon-  bias is applied, electrons transfer to the dAly ,As layer.
ductance. The cutoff frequendiy, and maximum oscillation Over 50% of the electrons are in the, Al ;As subchannel
frequency,f .. Were obtained by extrapolatiigy|> andU  at a low —0.2 V gate bias for the B structure, but less than
to 0 dB, respectively, with a -20 dB/decade slope after re35% of the electrons in the A structure transfer to the
moving the effects of the pad parasitic capacitances throughio oAl ;As subchannel even with gate bias at the threshold

Critical thickness (A )
2 @
o o

i*d
o

C. Electrical characterization

standard de-embedding techniques. voltage. The A structure, having Te doping in the top barrier,
will not effectively transfer electrons to the wide band gap

Ill. RESULTS Ing oAl 1As subchannel in the HFET'’s high-field regions.

A. Band gap engineering and simulation results B. Material and device performance

When AISb/AIGaSb buffer layers are grown, the lattice  Tapje | Jists the mobility, sheet carrier density, and sheet

constant is not precisely controlled. Therefore, in our calcUegistance in the Hall measurements for the two as-grown
lations, we instead modeled growth on an AISb buffer. Note

that the AISb buffer has a slightly larger lattice constant, and
the calculated critical thickness is thereby slightly smaller AlSb InAs InogAlosAs | AISb
than what it should be. Based ¢b), the critical thickness as
a function of In ratios of IpAl;_,As grown on AISb was | ABsp | =1445 = | 8Bczs | =94 = | AEca | =1351
calculated(Fig. 2). We calculate 180 A critical thickness for | AEws | =111 '
InAs grown on AISb, and 110 A for jwAly;As grown on | AEes, | =95 l
AISb. In the reported HFETS, both layers were grown at 65 ! "
A thickness, hence the accumulated strain energies of the 777 L LS
two layers are 36% and 59% of the critical strain energy. We mE"zjm ' ' l m‘,
assume that the critical energy is similar in the InAs and —f
Ing Alg4As layers. The total accumulated strain energy is ---:strained || AEusz2 | =40 o
95% of the critical strain energy. This suggests that both it ey e ZIAEM'-QO
AEy2; | =24

InNAs channel and InsAly;As subchannel were grown

pseudomqrphically, and hence Eg8)(6) describe_ the  FiG. 3. calculated band edge shifts of the strained InAsfA, ;AS com-
changes in band gaps and band offsets resulting fromosite channel. 1:top AISb; 2: InAs; 3:dgAl,;As; 4: bottom AISb.
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1.5 TABLE I. Summary of Hall and TLM results.
tr g “ N, HallR, TLM R R.
05 L S Structure  (cm?/V ) (cm™?) QIsq)y  (QUsq)  (Q/mm)
s > =
% ol %‘ A 17 500 2.30< 10*? 155 154 0.071
] k> B 16 660 2.78< 1012 135 140 0.108
Yoos L 5
8
-1 | w
s os =0.8 V). It is noted the measured threshold voltage at low
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Distance from surface (A)

@

500

15
L
T £
o
—~ 05 "c>_><
d =
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o
qL ]
09 0.1
-1.5 1 L 1 L 1 -0.5
0 140 280 420 560
Distance from surface (A)

drain bias shows good agreement with simulation. For the
sample B HFET, reduced kink currents are observed at high
drain biases. The figure shows both the measured source and
drain currents. Note that the increase in the drain currents for
—0.6 V=Vg=-0.8V and 0.6 \=Vy<0.8V is not re-
flected as a corresponding increase in the source currents.
This indicates that the increased drain current under this bias
region is due to direct gate-to-drain leakage, and not source-
to-drain breakdown associated with the kink effect.

In Fig. 7, a strong evidence of serious impact ionization
in the HFET of sample A is characterized by the peak gate
currents neaVy,>’ At 0.8 V drain bias, for example, the
on-state gate leakage current is as high as 10 mA/mm, while
the off-state gate current is lower than 0.6 mA/mm. Figure 8
shows the dependence of the transconductapgend drain
current on the gate biad/y, at 0.7 V drain bias for both

®) samples. Compared to 800 mS/mm peak transconductance
FIG. 4. Calculated band diagrams and carrier distributiongdpA struc-
ture and(b) B structure.E, and E; are ground and second bound states, 800
respectively. ' ' ' V =0V
700 | Step:-0.2V o 4
structures. Sheet resistance and contact resistance in the 600
TLM measurements after device fabrication are also shown. £ 500
Mobilities near 17 000 cAiV's were measured in both § 400
structures. The similar sheet resistance in both measurements £
implies that high low-field mobility in the composite channel — 300
is maintained. Based on these results, the source series resis- 200
tancesR,, are estimated to be 0.38mm for both structures 100
when 2 um source-to-gate spacing is employed. 0 . . .
Figures 6a) and &b) show common-source dc charac- 0 0.2 0.4 06 0.8
teristics for the two devices with 0,6m gate length. The Voo V)
HFET dc curves measured on sample A yield high kink cur- (2)
rents forVys greater than approximately 0.3 V. This is typi-
cally observed in InAs single-channel HFETs. Moreover, the 800 . < . [
threshold voltagey,, shows a strong dependence of drain 700 | Step:-0.2V
. ey oV
bias, shifting from—0.8 V (Vy4s<0.3V) to —1.2 V (Vg 600
€
€
0.7 T T T T T Z 25 E 500
g s S =, 400 1
8 o06r- ; 42 =
B / z 5 300 ]
ec O : Structure A L 2 =
2 % 05 A : Structure B , 7 1'5:-";“ 200 |
83 & S 100 1
'qu) P 04 - /@6_) =1 §
© 77 Q 0
E = e £ 1
2 0.3 - S\S\S%w | 0.5§
7 [
-4 2
0.2 e | L 1 L 1 0 7]
-1.2 -1 -08 -06 -04 02 0 0.2
Ve V) FIG. 6. Common-source dc characteristics of the two composite-channel

HFETs with a gate of 0.% 40 um?. (a): A structure;(b): B structure. The

FIG. 5. Gate voltage dependence of calculated sheet carrier concentratiodstted curves irfb) are the source current while the solid lines are the drain

and normalized carrier populations in the §Al, ;As subchannel.

current.
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2 100
0 ] 0
S
-2 i :v- :
T 4 | o R S S S S B o
§, 1 E
-8 o % 1@ :SampIeA """"
Step :-0.1V =] A :Sample B :
-10 | b © : : : x
V =08V i :
12 1 s ! 1 10 ; R S S ;
-1 0.5 0 0.4 06 08 1
Ve V) Gate length (um)
FIG. 7. Gate leakage current of the Q& gate length device shown in Fig. FIG. 9. Gate length dependence of current gain cutoff frequencies.

6(a).

and—0.78 V threshold voltage in the HFET of sample B, theated in the high-field region of the channel accumulate pri-
HFET of sample A shows a higher 1300 mS/mm peak transmarily in the buffer’ This causes an increase in drain current,
conductance and more negativel.15 V threshold voltage. Which then further shifts device threshold voltage. In the
The peak of dc transconductance negy=Vip is often asso- Simulation, it is predicted that only the B structure with the
ciated with the kink effect® Te planar doping in the buffer shows the effective carrier
The gate length dependence of current gain cutoff fretransfer from the InAs channel to theylghl ;As subchannel
guency, fr, for both A and B devices are shown in Fig. 9. (Fig. 5), as is required to take advantage of the increased
Slightly higherf+ is obtained with sample A. The maximum band gap of the composite channel. Experimental data with
f; obtained for samples A and B with 04 gate length are  sample A support this conclusion: drain breakdown is low,
56 and 53 GHz, respectively, while the maximum oscillationgate leakage shows a pronounced peak near threshold, and
frequenciesf e are 65 and 73 GHz. From the measured Sthere is strong dc-rf dispersion in transconductance. The sum
parameters, the 0,am gate length HFETs of samples A and of the 0.225 eV band gap of the strained InAs channel and
B showed transconductances of 900 mS/nivh=0.3 V, the 0.06 eV well ground state energy approximately corre-
Vgs=—1.1V) and 975 mS/mniVy=0.7 V,Vy,=-0.38 V) at  sponds to the bias at which strong gate leakage and high
25 GHz, respectively. Note that the two samples show ddrain conductance are observed. This observation is consis-
transconductances of 4 and 800 mS/mm at these bias condent with Bude and Hess'’s full-band structure Monte Carlo
tions. There is consequently stronger evidence in sample Balculation®® a largeE_y andEy_, separation, coupled with
than in sample B of the dc-rf dispersion commonly associ-a narrow band gap, leads to the threshold energy of impact
ated with the kink effect. From the variation of (Rffy) ionization close to the band gap energy. Experimental data
versus gate length, we determine average electron velocitider the HFET of sample B shows reduced drain conductance
of 1.9 and 1.8 10’ cm/s for samples A and B. From the and greatly reduced dc-rf dispersion in transconductance.
observed extrinsic transconductances at 25 GHz and thEhese data suggest reduced kink effect through hole accumu-
source access resistance determined from TLM data, the iation while Te dopping in the buffer provides a vertical elec-
trinsic rf transconductances are 1370 and 1550 mS/mm in thgic field for electron transfer to the wide band gap

HFETs of samples A and B, respectively. Ing Al 1As subchannel in the HFET high-field region, and it
also provides a valence band potential in the substrate, which
IV. DISCUSSION inhibits hole accumulation in the buffer. Both effects will

The generally accepted theory of kink effect in conven-reduce the kink effect. With the presently available data, we

tional InAs/AISb HFETs is that impact-ionized holes gener-cannot determine quantitatively the respective magnitudes of
the two effects. Observation of the peak in gate leakage cur-

800 v cory | . . 1400 rent(Fig. 7) is not a useful indicator of kink effect for sample
700 e T 1200 B because such features are swamped by high gate leakage
600 - 1000 current.
3 500 '@ : SompioA s00 E To better underst_and the gate leakage current, it. was
g 400 2 measured as a function &fy, with V=0 V. The experi-
= s00 | 600 = mental configuration is shown in the inset of Fig. 10, while
200 L 400 the experimental data and approximate theoretical calcula-
100 L 200 tion are in Fig. 11. The theoretical calculations, by the
ol o , 0 Wentzel-Kramers—Brillouif WKB) method?’ assume gate
1.5 -1 0.5 0 leakage by tunneling between bound states in the InAs well

Yo and valence band states in the bar¢fég. 10. The depletion

FIG. 8. Direct current transconductance and drain current as a function Jiegion extends _|atera”y from the r_egion U_nder the gate at
gate bias at 0.7 V drain bias. Vgs™~ Vin, becoming progressively wider & is made more
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0.5 , . r . . gate leakage include dipole doping of the top barrier, or a
AISb strained Ig sAlg sAs layer in the top barrier to increase the
valence band energy barrier.

V. CONCLUSION

g InAs |ﬂ0 9Alo As

> 05 L SR

2 We have demonstrated an InAsg Al As composite-

b7 \Ilqs L channel HFET that alleviates the serious kink currents in
AL T [T [Gate JA  [TPran | " InAs single-channel HFETs. As shown in both simulation

L and device results, a vertical electrical field for enhanced

15 . — ) ) . carrier transfer coupled with a hole barrier in the buffer lay-
‘ 80 120 160 200 240 ers are important parameters in composite-channel layer de-
Distance from surface (A) sign. The present limitation to our composite-channel de-
FIG. 10. Calculated band structure, along the line A-B, for the HFET of\”_Ces 1S the enhanced Qate Ie"f‘kag_e currents at high gate
structure B at a high gate bias voltage. The arrow shows the interbanBiases arising from the high vertical field and the InAs/AlSb
tunneling between the InAs channel and the AISb valence band. The inset ig/pe-II lineup which results in increased interband tunneling.

the schematic device profile where source and drain are grounded. T'\gurther work is needed to reduce gate leakage. An
crosshatched area in the quantum well represents the depletion region f )

I . .
Vs~ Vi the black area represents the lateral expansion of the depletioﬁnAS/_lno.fe)AI 0.1AS. co_mposne channel_coupled with a hole
region fromVgs~ Vi 10 Vi< V. blocking Te doping in the buffer provides an alternative ap-

proach to alleviate the high kink currents in the InAs single-
channel HFETSs.

negative(B vs B’ in the inset of Fig. 10 This lateral deple-

tion distance is hard to calculate, and is neglected in the ckNOWLEDGMENT
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