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Properties of InAlN/GaN heterostructures and field-effect transistors with nearly lattice matched
�InN=18%� and tensely �13%� or compressively �21%� strained InAlN barrier layer were evaluated.
The sheet charge density increased from 1.1�1013 to 2.2�1013 cm−2 with decreased InN mole
fraction. The saturation drain current as well as the peak extrinsic transconductance increased
inversely proportional to the InN mole fraction—from 1 A/mm to 1.4 A/mm �VG=2 V� and from
190 to 230 mS/mm. On the other hand, the threshold voltage shifted to higher values with increased
InN mole fraction. The pulsed current-voltage measurements �1 �s pulse width� yielded relatively
low and nearly identical gate lag for all devices investigated. These results show that InAlN/GaN
heterostructures with tensely strained InAlN can be useful for high-frequency and high-power
devices and with compressively strained InAlN might be useful for the preparation of enhancement
mode GaN-based devices. © 2010 American Institute of Physics. �doi:10.1063/1.3507885�

InAlN/GaN heterostructure field-effect transistors
�HFETs� are since recently under systematic studies as an
efficient alternative to AlGaN/GaN microwave transistors.
Encouraging results on InAlN/GaN HFETs have been ob-
tained recently, which can be documented by 205 GHz cur-
rent gain cutoff frequency1 and 10 W/mm output power at 10
GHz.2 One of the main advantages of InAlN/GaN material
structure is that InAlN can be grown lattice matched to
GaN.3 In such a case the piezoelectric polarization charge is
eliminated which should led to reduced or eliminated surface
related current collapse,4 i.e., to better high-frequency perfor-
mance. This expectation can be supported by recent observa-
tion that the gate lag of the HFETs with lattice-mismatched
InAlN is higher than that of the counterpart with lattice-
matched InAlN barrier.5 Main part of published results on
InAlN/GaN structures and devices is devoted to lattice-
matched material and less is reported on lattice mismatched
InAlN/GaN.

Commonly accepted composition of InAlN lattice-
matched to GaN is with an InN mole fraction of x

=17%–18%.3,6 This composition follows from an assump-
tion that the underlying GaN layer is strain free. However,
it is well known that the GaN layers are not fully relaxed.
They exhibit a residual strain which depends on various fac-
tors, such as the substrate used,7,8 ohmic contacts deposition,
and subsequent annealing,9 passivation type,10 and layer
thickness.11 A composition of 15.8% was evaluated for
lattice-matched InAlN to GaN grown on sapphire.5 The
question of the “true” InAlN composition might be also the
reason for significantly different band gap energy which fol-
lows from published results, e.g., 4.03 and 4.6 eV.12,13 It
should be also noted that the highest current gain cutoff fre-
quency on GaN-based HFETs was obtained using “nearly

lattice-matched �NLM� �x=14%�” InAlN.1 On the other
hand, this fact needs to be considered if a comparison of
InAlN/GaN material structures and devices of different ori-
gin will be made.

In this letter, a comparative study of the InAlN/GaN/Si
heterostructures and HFETs with NLM and tensely or com-
pressively strained �CS� InAlN is presented. The sheet
charge density evaluated was found to be in agreement with
calculated one for spontaneous and piezoelectric polariza-
tion, i.e., it increased with decreased InN mole fraction in the
InAlN. The saturation drain current and extrinsic transcon-
ductance of the HFETs increased proportionally to the sheet
charge density. As expected, the threshold voltage increased
with the InN mole fraction. The pulsed current-voltage �I-V�

measurements show very low gate lag, which is nearly
identical for all three types of devices investigated. These
results show that material structures with tensely strained
�TS� InAlN can be preferable for high power devices while
CS InAlN might be suitable for the preparation of normally-
off switching devices.

The InAlN/GaN heterostructures used in this study were
grown by metal-organic vapor phase epitaxy on Si�111�
substrate.14 They consisted of �2 �m GaN insulating buffer
layer followed by a 1 nm AlN spacer layer and a 10 nm
InAlN barrier layer. Heterostructures with three different
compositions of the InAlN were prepared. The first one was
with an InAlN NLM to GaN—designated as NLM in the
next. The other two were with tensely and CS InAlN barrier
layer—designated as TS and CS, respectively. Conventional
transistor fabrication steps, known for AlGaN/GaN HFETs,
were used for the device preparation. At first, a multilayered
Ti/Al/Ni/Au sequence for the ohmic contacts was evaporated
and patterned. Afterwards, mesa isolation by ion beam etch-
ing in an Ar plasma was made. The ohmic contacts were
formed by rapid thermal annealing at 800 °C for 2 min in aa�Electronic mail: elekkord@savba.sk.
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N2 /H2 forming gas atmosphere. Finally, Ni/Au Schottky gate
contacts were patterned by electron-beam lithography. Passi-
vated devices �120 nm SiN� with a gate length ranging be-
tween 0.5 and 2.5 �m and a gate width of 2�50 and 2
�100 �m were prepared.

The InAlN/GaN heterostructures were characterized at
first. Composition of the InAlN barrier layer was evaluated
by x-ray diffraction �XRD� and x-ray photoemission spec-
troscopy �XPS�. The XRD measurements yielded x=0.175
for NLM structure and 0.13 and 0.21 for the TS and CS
structure, respectively. The XPS evaluation showed similar
data, the difference in the InN mole fraction was less that
�1%.15 From both types of measurements it follows, beside
the differences obtained that the three structures used in this
study can be well described as NLM, TS, and CS structures.
The sheet charge density evaluated increased with decreasing
the InN mole fraction, from 1.1�1013 cm−2 for CS structure
to 1.7�1013 cm−2 for NLM structure and to 2.2
�1013 cm−2 for TS structure. These data can be well com-
pared with calculated total polarization charge in InAlN of
different composition, as shown in Fig. 1—the measured
data are about 74% of the theoretical values. The sheet resis-
tance was 530, 320, and 230 � /sq and the carrier mobility
was 1060 cm2

/V s, 1150 cm2
/V s, and 1250 cm2

/V s for
the CS, NLM, and TS structures, respectively, as shown in
Fig. 2. One would expect a decrease in the carrier mobility
with increased carrier density, i.e., with decreased In content.
However, the difference in the mobility data is less than
�10%.

Performance of the InAlN/GaN HFETs was evaluated by
static output and transfer measurements as well as by pulsed
I-V and frequency dependent capacitance-voltage �C-V�

measurements. The static characterization typically yielded
the saturation drain current of 1.4 A/mm, 1.2 A/mm, and 1
A/mm at VG=+2 V for TS, NLM, and CS devices, respec-
tively. These data scale well with the sheet charge density
dependence on the InAlN composition. The threshold volt-
age shifted to higher values with increased InN mole frac-
tion, from �7.2 V �TS� and �5.5 V �NLM� to �3.5 V �CS
structure�. Transconductance measurements yielded similarly
an improvement with decreased InN mole fraction in the
InAlN barrier layer, as shown in Fig. 3. The peak extrinsic
transconductance increased from 186 mS/mm for CS struc-
ture to 215 mS/mm for NLM and to 230 mS/mm for TS

structure. The gate voltage at which the transconductance
maximum occurred has shifted from �3.2 V for the tensile-
strained InAlN to about zero voltage for the CS InAlN bar-
rier layer.

The room temperature C-V measurements have shown
similar shifts in the threshold voltage to higher values with
increased InN content in the InAlN as obtained from the
static characterization. The sheet charge densities evaluated
from the 1 MHz measurements were nearly identical with
those evaluated from the static measurements on all three
types of devices. This indicates that low trapping effects
might be expected at high-frequency operation. The thick-
ness of the InAlN barrier was in the range of 10.1–10.8 nm
as evaluated from the zero bias capacitances. This is in good
agreement with the nominal thickness of 10 nm.

Pulsed I-V characteristics were measured to evaluate an
effect of the lattice mismatch on the gate lag of the InAlN/
GaN HFETs. Measurements were performed using a pulse
width of 1 �s and a duty cycle of 0.1%. A comparison of the
static I-V characteristics measured at VG=0 V and pulsed
characteristics in which the gate was pulsed from the thresh-
old voltage to VG=0 V is shown in Fig. 4. From this result it
follows that the gate lag is relatively small and nearly iden-
tical for all three types of devices investigated. Thus, accord-

FIG. 1. Experimentally evaluated sheet charge density for three InAlN/GaN
heterostructures used in this study �full dots� in comparison with calculated
polarization charge as a function of InN mole fraction in InAlN.

FIG. 2. Sheet resistance and carrier mobility of InAlN/GaN heterostructures
with TS, NLM, and CS InAlN layer.

FIG. 3. Transconductance characteristics �VDS=7 V� of InAlN/GaN HFETs
with TS, NLM, and CS InAlN layer.
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ing our result, tensile or compressive strain in InAlN barrier
layer has no significant influence on the gate lag of InAlN/
GaN HFETs. This is in contradiction to previous reported
data, however obtained on unpassivated devices.5 Details on
the pulsed behavior of the devices investigated, e.g., gate lag
versus drain lag, different quiescent bias points, etc., will be
published elsewhere.

In summary, properties of the InAlN/GaN heterostruc-
tures and field-effect transistors with nearly lattice matched
and tensely or CS InAlN barrier layer were evaluated and the
results can be described as follows:

�i� Structures with strained InAlN show higher sheet
charge density and saturation drain current, i.e., they
are preferable for high-frequency and high-power de-
vices.

�ii� Structures with CS InAlN might be useful for the
preparation of enhancement mode GaN-based devices
�recently a positive threshold voltage has been re-
ported on InAlN/GaN HFET with an InN mole frac-
tion of 25% in InAlN�.16

�iii� The gate lag of devices investigated was relatively

low and nearly identical independent on the InAlN
composition.

The work reported here was supported by the Slovak
Research and Development Agency APVV �Grant No. LPP-
0162-09� and the Centre of Excellence CENAMOST �Grant
No. VVCE-0049-07�. Two of the authors �A.D. and A.K.�
would like to thank the Deutsche Forschungsgemeinschaft in
the framework of the collaborative research group PolarCon
957.

1H. Sun, A. R. Alt, H. Benedickter, E. Feltin, J.-F. Carlin, M. Gonschorek,
N. R. Grandjean, and C. R. Bolognesi, IEEE Electron Device Lett. 31,
957 �2010�.

2N. Sarazin, E. Morvan, M. A. di Forte Poisson, M. Oualli, C. Gaquiere, O.
Jardel, O. Drisse, M. Tordjman, M. Magis, and S. L. Delage, IEEE Elec-
tron Device Lett. 31, 11 �2010�.

3J. Kuzmik, IEEE Electron Device Lett. 22, 510 �2001�.
4R. Vetury, N. Q. Zhang, S. Keller, and U. K. Mishra, IEEE Trans. Electron
Devices 48, 560 �2001�.

5J. H. Leach, M. Wu, X. Ni, X. Li, Ü. Özgür, and H. Morkoç, Phys. Status
Solidi A 207, 211 �2010�.

6R. Butté, J.-F. Carlin, E. Feltin, M. Gonschorek, S. Nicolay, G. Christman,
D. Simeonov, A. Castiglia, J. Dorsaz, H. J. Buehlmann, S. Christopoulos,
G. Baldassarri Höger von Högersthal, A. J. D. Grundy, M. Mosca, C.
Pinquier, M. A. Py, F. Demangeot, J. Frandon, P. G. Lagoudakis, J. J.
Baumberg, and N. Grandjean, J. Phys. D: Appl. Phys. 40, 6328 �2007�.

7W. Li and W. X. Ni, Appl. Phys. Lett. 68, 2705 �1996�.
8M. Azize and T. Palacios, J. Appl. Phys. 108, 023707 �2010�.
9F. González-Posada Flores, C. Rivera, and E. Muños, Appl. Phys. Lett.

95, 203504 �2009�.
10D. Gregušová, J. Bernát, M. Držík, M. Marso, J. Novák, F. Uherek, and P.

Kordoš, Phys. Status Solidi C 2, 2619 �2005�.
11W. Rieger, T. Metzger, H. Angerer, R. Dimitrov, O. Ambacher, and M.

Stutzmann, Appl. Phys. Lett. 68, 970 �1996�.
12E. Iliopoulos, A. Adikimenakis, C. Giesen, M. Heuken, and A. Georgak-

ilas, Appl. Phys. Lett. 92, 191907 �2008�.
13R. E. Jones, R. Broesler, K. M. Yu, J. W. Ager, E. E. Haller, W. Waluk-

iewicz, X. Chen, and W. J. Schaff, J. Appl. Phys. 104, 123501 �2008�.
14C. Hums, J. Bläsing, A. Dadgar, A. Diez, T. Hempel, J. Christen, A. Krost,

K. Lorenz, and E. Alves, Appl. Phys. Lett. 90, 022105 �2007�.
15T. Hashizume, private communication �September 9, 2010�.
16H. J. Kim, S. Choi, Z. Lochner, Y.-Ch. Lee, Y. Zhang, S.-Ch. Shen, J.-H.

Ryou, and R. Dupuis, International Workshop on Nitride Semiconductors
�IWN2010�, Tampa, September 19–24, 2010, p. 242 �http://iwn2010.org/
open.php?contents�program�.

FIG. 4. Static �full lines� and pulsed �full marks� I-V characteristics for
InAlN/GaN HFETs with TS, NLM, and CS InAlN layer.
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