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Abstract—The design, fabrication, and characterization of 0.1 TABLE |
pm AISb/InAs HEMT'’s are reported. These devices have an FET GHANNEL MATERIAL PROPERTIES
Ino.4Alo 6 As/AISb composite barrier above the InAs channel and
a pt GaSb layer within the AISb buffer layer. The HEMT's
exhibit a transconductance of 600 mS/mm and arf, of 120 GHz
at Vps = 0.6 V. An intrinsic f of 160 GHz is obtained after

InAs In Ga ,As GaAs InP

the gate bonding pad capacitance is removed from an equivalent f"',"c/‘,’:’; Effective Mass 0.023 0.041 0.067 0.077
circuit. The present HEMT'’s have a noise figure of 1 dB with 14 r-oe

dB associated gain at 4 GHz and’ns = 0.4 V. Noise equivalent  Electron Mobility 7 -3 16000 7800 4600 2800
circuit simulation indicates that this noise figure is primarily =~ (™ V-sec @300K, N,=10"cm )

limited by gate leakage current and that a noise figure of 0.3 dB 1 L valley Separation (eV) 0.9 0.55 0.31 0.53
at 4 GHz is achievable with expected technological improvements.

HEMT's with a 0.5 pm gate length on the same wafer exhibit a  Electron Peak Velocity 4.0 27 22 25

transconductance of 1 S/mm and an intrinsicfr Ly product of (10" cmisec)

50 GHz-pm. Energy Bandgap (eV @ 300K) 0.36 0.72 142 135

Index Terms—inAs, MODFET’s, quantum wells, semiconduc-
tor device fabrication, semiconductor device noise.
Al,Ga _,Sb,As;_,/InAs material system, where the lattice
constant is near 6.A. These HEMT's have potential for low-

voltage, high-speed applications due to better InAs properties

T HE material properties which have the greatest impaghg the larger conduction band offset at the AISb/InAs
on the high-speed performance of HEMT's are the shegéterojunction. Since these devices were first proposed [4],
charge density in the 2-DEG and the effective electron velociggnsiderable progress has been reported for gate lengths of
in the channel. In recent years this has led to the increased gsg ,m or longer [5]-[9]. However, further development is

of In,Ga, . As channel HEMT's with higher and higher molerequired to realize the full potential of this material system. In
fractions of In. Increasing the In concentration results in highgis paper, three key design issues are addressed, namely the
electron mobility and velocity in the channel and a largggduction of the gate leakage current, the elimination of the
conduction-band offset which leads to a higher sheet changgk effect, and the formation of recessed @uh gates. The
density. In.Ga,_,As channel HEMT's with an In content of 4c  small-signal, and microwave noise characteristics of 0.1

over 50% are typically grown on an InP substrate rather thap, HEMT’s which have improved low- voltage, high-speed
a GaAs substrate due to the better lattice match with Infarformance are presented.

Compared to GaAs-based HEMT's, InP-based HEMT's have
clear millimeter-wave performance advantages and currently I
hold the records in frequency response and noise figure for an%_ _ ) )
three-terminal semiconductor device [1]-[3]. However, Inp- TYPical values of the key material properties for InP, GaAs,
based pseudomorphic HEMT channel designs with subst&fe.53G&.47As, and InAs are listed in Table I. With the smaller
tially higher In content than the §n,;Ga 4-As lattice-matched elec_tron effective mass of InAs, higher electron mob|I|t|_es are
composition have increased restrictions on layer thickneddained. Furthermore, due to the laige. valley separation, -
due to lattice mismatch. Therefore, the improvement in tHBAS has the advantage of a higher electron peak velocity
channel transport properties in these devices has been limig@pared to the other listed semiconductors [10]. Compared
by deleterious lattice strain effects and interface scattering.l® IN=Ga—.As channel HEMT's, the considerably larger
In this work, HEMT’s which have only InAs as conduction band discontinuity (1.35 eV) of the AISb/InAs

the channel material have been investigated using theterojunction enables the formation of a deeper quantum well
with the associated benefits of a larger 2-DEG sheet charge
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doping was used above and below the InAs quantum wely. 2. calculated band structure.

[11]. In that case, the material exhibited a sheet density of

8 x 10*? cm~2 and a mobility of 19 000 cAiV-s. Because of are likely to cause deleterious trapping effects [15] or be
the above properties, AlSb/InAs HEMT’s have the potentigollected at the gate contact and thereby increase the gate
for high-speed operation, particularly at low drain voltagdeakage current.

The combination of high sheet-charge density and strongThe band structure of the HEMT material was calculated
carrier confinement in the quantum well should also enap#éing a finite-difference model for the one-dimensional Pois-
the HEMT's to exhibit a broad;,, characteristic for highly SOn equation. The effects of the two-dimensional density
linear operation [12]. It should be noted, however, that impa@f states and spatial redistribution of confined carriers were

ionization in the InAs channel is significantly higher than if@/culated using the Schroedinger equation for the quantum
the other materials listed in Table | due to its narrow bandgag.eII regions. An_lterat|ve algorlthm was applled to find a self-
The ionization rate for electrons in InAs is two orders o onS|sten_t solution to the equations. Strain effecis were not
magnitude higher than in #nsGa, s7As channels. The full mcludgd m_the calculat.lon and th& £, of the InAIAs/AISb _
extent to which this affects the performance of InAs-channtherOJuncuon was estimated to be 350 mev. The resultlng
Band structure, which shows the presence of the hole barrier

HEMT's is still under study. " ) i
. . . ue to the addition of the InAlAs layer, is shown in Fig. 2.
The AISb/InAs HEMT material for the devices d|scusse8 A HEMT process sequence was developed to minimize

here. was grown by solid-source molecular beam ep_ltaxy O deleterious effects of the rapid oxidation of AISb when
semymsulatmg (.100) GaA_s sqbstrate. A cross section of t onsed to air. First, the source and drain ohmic contacts
starting material is shown in Fig. 1. A 0/am buffer layer of are defined using PMMA resist and deep-UV lithography.

GaAs was grown first at 58%C, followed by 0.1um of AlSb < 2 2 ;
o Pd/Pt/Au (10@/200A/600A) layers are then deposited by e-
at 570°C and 2.3.m of AlSh at 535°C. The temperature was beam evaporation and heat treated at 1Z5for 3 h using a

then reduced to 500C and the other layers shown in the figur%ot plate which is located in a glove box containing & N»
were grown. Al of the;e are undoped except the @asb (5:95%) ambient [16]. The resulting contacts have a smooth
layer which is doped with Si. The 24m AISb buffer layer surface morphology and sharp edge definition.

was used to accommodate the 7% lattice mismatch between tHﬁfter the ohmic contact formation, a Cr/Au Schottky-gate
HEMT material and the GaAs s_ubstra?e. Modulation dopmg %etallization is formed using a tri-level PMMA resist e-beam
the_InAs guantum well was realized with an As soak techniq ography and lift-off procedure. A citric-acid-based etch is
which was performed between the growth of the AISb a rformed on the exposed surface prior to gate metal depo-

:jnAIAs_tbirrlerc:a%ersA[lls].hln thf's case, a moEo(Ijayer OfAAl vt\)/a ition. Finally, device isolation is achieved by wet chemical
eposited, anc the ArTch surtace was soaked in an As be hing. The elimination of the mesa-sidewall gate leakage

for 1Q s. The s_heet carrie_r density and mobility of the resultir%rrent is accomplished at this step by preventing the gate
startmgrmategal, dﬁgerm'”ed by Hall measurements at 300 ) from contacting the mesa sidewall with the use of an
were1.5 x 10'* cm* and 16600 crfV-s, respectively. air-bridge between the channel and the gate bonding pad. The
air bridge is formed during the hydrofluoric acid/peroxide-
IIl. HEMT DESIGN AND FABRICATION based mesa etch by the undercutting beneath the gate metal in
Two key features of the HEMT design are the use of thBe exposed regions defined by the mesa photoresist pattern.
Ing.4Al g ¢As/AISb composite barrier above the InAs quanturithe dimensions of the mesa pattern and the gate metal feed
well and the 2004 p* GaSb layer located within the AlShtab extending from the gate stripe to the bonding pad are
buffer layer [14]. The addition of the InAlAs layer has beemlesigned to minimize the final gate stripe air-bridge span and
found to enhance the insulating property of the barrier asimultaneously allow complete removal of the AISb buffer
enable a gate recess process to be employed. Th&asb layer material in the exposed regions. Small gate anchor pads
layer in the buffer is intended to drain a portion of the impactre used to facilitate air bridge formation at the ends of the
ionization-generated holes back to the source contact ratiyete stripe. The air bridges of a G:2n HEMT, with thin gate
than having them remain in the AISb buffer layer where theyetallization for clarity, are shown in Fig. 3.
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Fig. 4. 0.1um HEMT drain characteristicil ps = 2.3 ym, W = 28
um, Vs = 0.1 Vistep. Fig. 6. Extrinsic current gaih21| and unilateral gaii” versus frequency.
IV. DC CHARACTERIZATION as shown in Fig. 2. Although there is a large electron barrier,

The AISb/InAs HEMT's were fabricated with gate |engthssubstantial hole transport can occur across the small valence
in the range of 0.1-0.5m. The drain characteristics of aband barrier between the gate and the channel. The problem

0.1 um HEMT are shown in Fig. 4. AlVps = 0.6 V, a is exacerbated by the increased number of holes which are

transconductance of 600 mS/mm is observed. The HEMT's %es_gnt in the channel dug to impact ionization [7]. .With the
this gate length exhibit an increase in the output conductarg%gf't'o?h()f thte InAIAstbarneI;\r Ia;(;etr a:)nd tgéﬁas b in th;: f
at a drain voltage near 0.5 V due to the effects of impa prer, the gate current was found to be reduced by an order o

ionization in the channel. The drain characteristics of a HEMqaagnltu_de compared to our previous results [12]. When biased
with a 0.5 um gate length, which was fabricated on th or maximumyz, a gate leakage current ofi\ was measured
' ara 0.1pxm x 28 um gate. In addition to thermally-activated

same wafer, are shown in Fig. 5. The low-field source-drahole transport in the valence band [17], components of the

resistance of this device is 08-mm. This HEMT has a
. gate leakage current may also be caused by other processes
maximum transconductance of 1 S/Imm¥ts = 1 V. A . . . . )
. . i . ncluding surface conduction and trap-assisted tunneling via
comparison of the two figures indicates that with longer gaifae levels which are present in the AlSb [18]
length, the HEMT’s exhibit more saturation in the drain curren P P '
apparently due to the larger gate-channel aspect ratio and the
lower electric field strength under the gate which reduces the V. MICROWAVE CHARACTERIZATION
effects of impact ionization. The higher drain current density The S-parameters of the HEMT’s were measured on-wafer
in the 0.5um HEMT is primarily due to a smaller source-from 1 to 40 GHz. Plots of the short-circuit current gain,
drain spacing which results in lower access resistance. Baged |, and Mason’s unilateral gair/, of a 0.1 um HEMT
on measurements on HEMT'’s without th& BaSb layer, the as a function of frequency are shown in Fig. 6. Based on the
lack of drain current pinchoff in both HEMT’s is mainly dueusual 6 dB/octave extrapolation, the device exhibits fan
to hole current in that layer. of 120 GHz and anf,,,x of 80 GHz. The drain voltage of
AISb/InAs HEMT's are susceptible to high gate leakag®@.6 V represents the drain bias which maximizes fhevalue

current due to the staggered type-Il heterojunction band linewithout significantly compromising the low-frequency power
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Fig. 8. Intrinsic f as a function of gate length.
gain. At higher drain voltages, the power gain at the lower
microwave frequencies diminishes due to impact ionization, - . T T x ;
as has been reported earlier [19]. It should also be noted that
at bias conditions below impact ionization, only mining|
and g4 dispersion were observed. 100

120 | 8

T
1

An equivalent circuit of the HEMT at nominal bias, which ¥
was developed by fitting th€-parameters to a commonly-used % 801 1
circuit topology over the measured frequencies, is shown in ©
Fig. 7.5-parameter measurements on gate-less HEMT'’s of the é’ 6or 1
same geometry were utilized to model the external parasitics. X 20l |

A measured gate metal resistance of £Bhm, obtained using
end-to-end resistance measurements, and the low-field source- 20k
drain resistance were also incorporated. In this circuit, the
parasitic effects of the gate anchor pad capacitance andtthe p %o 0'1 0'2 0‘3 0'4 0'5 0'6
GasSb layer have been absorbed in the remaining elements. The ' ' .Drain'VoItag.)e (V)' '
resulting equivalent circuit provides a good fit to the measured

S-parameters up to about 20 GHz. Above this frequency sofrie 9. Extrinsic current gain cutoff frequencfy versus drain voltage.
divergence occurs due to the distributed nature of the/ms ~“ ~ 0.1 pm.

gate stripes and P layer, as well as the added complexity ) L _ -

of the gate anchor pads. These latter effects were examineaﬂ' prder to examine the intrinsic device characteristics, the
with a more complex equivalent circuit. The element valud®©nding pad capacitance of the gate was removed from the
of the circuit shown are fairly normal for 0.Am HEMT's equivalent circuit. The results indicated an intringic of 160

except that the output admittance is high. There are sevefliZ atVps = 0.6 V. The removal of the b GaSb layer from
reasons for this. Theplayer constitutes a parallel currentthe complex equivalent circuit mentioned earlier increased the
path, impact ionization is contributing some parasitic curreptax © 99 GHz. Equivalent circuits were also developed
flow, and the velocity-field characteristic of InAs may not havi" HEMT's with larger gate lengths. The intrinsifr as a

a well-defined peak due to the remote upper valley whidHnction of gate length is plotted in Fig. 8. As shown, the 0.5
results in limited current saturation. pm HEMT's have an intrinsicfrL, product of 50 GHzxm,

It is instructive to examine the effects of higher draiﬁf"hiCh is equal to the highest previously reported for any FET

voltages on the equivalent circuit. As mentioned earlier, abo{fethis 9ate length region. The higheff... observed was 110

0.6 V the effects of impact ionization become significan{>HZ which was measured on a Qun gate length HEMT

The most important effects are the increase in both outgf}gt had an output conductance of 100 mS/mm, a microwave
admittance and transconductance, consistent with the dr4fit2ge gain of 7, and g,/ fr ratio of 2. o
characteristics at higher drain voltages. In this region the I N€ potential for low voltage operation is shown in Fig. 9,

values offr and f.n., saturate due to the increased admittanc®/ich shows the measurgfg as a function of drain voltage for

The S»» in this regime, particularly at lower frequenciesth® O-1#m HEMT described earlier. The maximufiy occurs

shows inductive characteristics related to the dynamics @ drain voltage of 0.6 V. At a drain voltage of 0.2 V, an

impact ionization. This effect can be roughly modeled bjr Of 72 GHz is obt,alne.d. Additional measurements on more
adding a series RL branch across the intrinsic device outptRcent 0-Jum HEMT's, with lower access resistance, indicated
The inductive behavior under impact ionization in both InAs2n extrinsicfr of 100 and 130 GHz at a drain voltage of 0.2

channel and InGaAs-channel HEMT's has been previougid 0-3 V. respectively.

reported [20]. In more recent work on InGaAs channel devices,
the inductive behavior was modeled by adding an active circuit
in order to examine the effect of impact ionization on both the The first measurements of the microwave noise performance
rf and noise performance [21]. of AISb/InAs HEMT’s were reported earlier [22] and for

Vgs=-04V 7

VI. MICROWAVE NOISE MEASUREMENTS
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T T T T devices, the effect of impact ionization still needs to be
examined. Based on these initial measurements, however, it
115 appears that the AISb/InAs HEMT has considerable potential
for low-voltage, low-noise operation.

VIl. DISCUSSION

Most AlSb/InAs-based HEMT’s previously reported dis-
played an anomalous increase in the dc output conductance as
the drain voltage was increased. This “kink-effect” phenome-
non caused degraded performance at nominal bias values and
! ! ! L precluded the use of the devices at the electric fields required
2 5 10 20 to optimize the performance. Based on measurements made

Frequency (GHz) on a variety of different HEMT designs at our laboratory
Fig. 10. F, and G, as a function of frequencyV;s = —0.4 v, and elsewhere [8], [25], we believe that this kink was caused
Lg = 0.1 pm, W = 150 pm. by the trapping of holes generated by impact ionization in
the channel. The specific characteristics of the kink as a
function of bias depend on the number and location of holes
completeness are included here. The minimum noise figugenerated, the number and location of available trap sites,
fmin,» @nd the associated gaidf,, for a 0.1 um device and the hole trapping and emission dynamics. The presence
are shown as a function of frequency in Fig. 10. Thess# the additional positive charge associated with the trapped
measurements were made on-wafer with mechanical tunédrsles reduces carrier depletion and results in an increase in
The input circuit loss was determined by measuring ththe drain current. HEMT’s which suffer from a large kink
available gain of the tuner/bias-tee combination with a netwodffect commonly have poor drain current saturation, strong
analyzer [23]. The value df s applied to get the performanceg,, compression near;s = 0, and a large threshold voltage
shown was adjusted from 0.35 V at 2 GHz to 0.55 V at 1&hift with increasing drain voltage.
GHz. Vs was picked for the best value ¢f,;, and remained  Despite the high field present under the gate, the drain
constant over the frequency range. characteristics of the present Q.in HEMT'’s do not display

Since these devices were not designed specifically for lotite charge control problems associated with the kink which
noise performance, considerable improvements are expedtede been previously observed in our HEMT's with gate
in a more optimal design involving a higher sheet chardengths at or below 0.2zm [19], [25]. In addition to the
density, more suitable horizontal dimensions including shortgrevious work which attributed the kink to hole trapping in the
gate stripes, smaller bonding pads, and a better barrier labeffer layer, our study of the present InAIAs/AISb composite
design resulting in lower gate current. In order to quantifgarrier HEMT’s indicates that the kink can also be caused
potential improvements from these changes, a noise equivalepthole trapping at or near the gate metal-semiconductor
circuit was developed. This circuit consists essentially dfterface. These results are consistent with low-frequency
the circuit shown in Fig. 7 in which the intrinsic van derutput dispersion measurements in the area of the kink which
Ziel partially-correlated channel and gate noise sources wasre made as a function of bias and temperature [25]. In
well as the extrinsic noise generators due to the devitlmat study, it was found that the kink is associated with a
resistances have been inserted. An additional noise generaispersion mechanism which contains a broad distribution of
was added at the input to approximate the effect of thiene constants typical for interface states. Measurements on
shot noise produced by the gate leakage current [24]. Tdevices with and without a gate recess have shown that hole
resulting circuit provides a good fit to the measured noigepping in this region can be reduced through the use of a
figure both with optimum generator impedance and with @roper gate recess etch. It should be noted that control samples
50 €2 generator. Adjustments were then made in the equivalegrown without the InAIAs/AISb composite barrier display a
circuit consistent with expected technological improvementstominent kink in the drain characteristics.

The gate leakage current was reduced from the presepi20 Optimization of the present growth process will lead to
to 1 pA for the 150 pm device. The other improvementshigher sheet charge densities and channel mobilities. However,
involve the lowering of the gate and access resistances throaghhas been pointed out above, there are some fundamental
adjustments in the horizontal geometry and 2-DEG shddEMT design issues which must be addressed before the
carrier concentration. With these changes, a noise figureiofrinsic material properties can be fully exploited. To realize
0.3dB at 4 GHz and 0.6 dB at 10 GHz can be expectdde performance potential, improvements in the device design
at a drain voltage of 0.5 V. Furthermore, with anticipatedre required to reduce gate leakage current, reduce output
improvements infr, these values can be carried up to highexdmittance, minimize trapping effects, and more effectively
frequencies than in the present devices. manage the holes generated by impact ionization. Reductions

Most of the noise measurements performed in this studythe leakage current may be achieved through optimization
were carried out below or near the onset of impact ionizatioof the INAIAs/AISb thickness ratio, the addition of As to the
To gain additional insight into the performance of thesalSb layer [6], [8], the use of a dual-gate design [26], [27],

Fmin (dB)
1
>
Associated Gain (dB)
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and the use of material combinations with alloys composeg] J. B. Boos, W. Kruppa, B. V. Shanabrook, D. Park, J. L. Davis, and
of INAIAsSb [28], AlGaAsSb [9], InPSb [29], or AIPSb. The

use of low-temperature growth techniques may also be used
to enhance the insulating properties of the barrier and buffesg]

layers. Optimization of the gate-recess process and cap layer

design are needed to tailor the electric field profile in the gate-
drain region. Finally, additional study is needed to understang]
the effects of the reduced intervalley transfer in the InAs

channel and to determine to what extent the output admittance
can be reduced using advanced designs which reduce sliit Z. Dobrovolskis, K. Grigoras, and A. Krotkus, “Measurement of the hot-
channel effects and impact ionization in the channel.

The fabrication and characterization of Quin AISb/InAs

[11]
VIIl. CONCLUSION

[12]

HEMT's with a composite InAlAs/AISb barrier layer above
the InAs quantum well and a®p GaSb layer within the
AISb buffer layer have been presented. The devices exhi[nlt
a transconductance of 600 mS/mm and fanof 120 GHz

at Vps = 0.6 V. An intrinsic fr of 160 GHz is obtained
after removal of the gate bonding pad capacitance from

[14]

the equivalent circuit. 0.5um HEMT’s on the same wafer

exhibit a transconductance of 1 S/mm and an intrinsic.,

(18]

product of 50 GHzzm. At 4 GHz, the 0.1zm HEMT's
have a minimum noise figure of 1 dB with 14 dB associated

gain atVps = 0.4 V. Noise equivalent circuit simulation (16

has indicated that noise figures of 0.3 dB at 4 GHz and
0.6 dB at 10 GHz can be expected through technological

improvements. Due to the unique material properties of i’

heterojunction system, continued improvements in the material
growth, design, and fabrication of AlSb/InAs-based HEMT'$18l

will

make them attractive candidates in future applications

where high speed and low noise at very low bias voltage will

be required.
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