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Current conduction mechanism, including electron mobility, electron drift velocity (vd) and electrical

break-down have been investigated in a 0.5 lm-thick (0001) InN layer grown by molecular-beam epi-

taxy on a GaN/sapphire template. Electron mobility (l) of 1040 cm2/Vs and a free electron concentra-

tion (n) of 2.1� 1018 cm�3 were measured at room temperature with only a limited change down to

20 K, suggesting scattering on dislocations and ionized impurities. Photoluminescence spectra and

high-resolution X-ray diffraction correlated with the Hall experiment showing an emission peak at

0.69 eV, a full-width half-maximum of 30 meV, and a dislocation density Ndis � 5.6� 1010 cm�2.

Current-voltage (I-V) characterization was done in a pulsed (10 ns-width) mode on InN resistors pre-

pared by plasma processing and Ohmic contacts evaporation. Resistors with a different channel length

ranging from 4 to 15.8 lm obeyed the Ohm law up to an electric field intensity Eknee � 22 kV/cm,

when vd � 2.5� 105 m/s. For higher E, I-V curves were nonlinear and evolved with time. Light emis-

sion with a photon energy> 0.7 eV has been observed already at modest Erad of � 8.3 kV/cm and con-

sequently, a trap-assisted interband tunneling was suggested to play a role. At Eknee � 22 kV/cm, we

assumed electron emission from traps, with a positive feed-back for the current enhancement.

Catastrophic break-down appeared at E � 25 kV/cm. Reduction of Ndis was suggested to fully exploit

InN unique prospects for future high-frequency devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985128]

InN has been reported as a promising material for ultra-

high frequency transistors.1 This is particularly due to theoret-

ically predicted saturated electron drift velocity (vd) of

�5–6� 105 m/s at the critical electric field (Ecrit) of

�23–40 kV/cm.2–6 This value is significantly higher than vd

�1� 105 m/s measured in GaN.7 However, no microwave

InN-channel transistor has been demonstrated till now. First

experimental attempts on InN-channel transistors were

reported either with a 26 nm thick InN grown on AlN,8

2–5 nm thick InN grown on zirconia substrates,9 or 2 nm thick

InN on a GaN buffer.10 In all cases, however, the InN growth

was performed with a high strain and inevitable lattice relaxa-

tion. Consequently, the electron mobility values (from 20 to

209 cm2/Vs) indicated significantly degraded InN structural

quality, while transistors suffered from an early break-down

without the current saturation8,10 or from a very low current

density.9 Elsewhere, the electron mobility (l ) of 3280 cm2/

Vs has been reported; however, the thickness of the InN layer

(dInN) was 5 lm,11 which is not applicable for the transistor

design. Such a high dInN was needed to reduce the dislocation

density (Ndis) which is typically>1010 cm�2 at the buffer/InN

interface.12–14 However, according to theoretical calculations,

Ndis as low as 5� 108 cm�3 may be needed to enhance l.11

Apart from that, high density defects are located also at the

InN surface causing Fermi level pinning in the conduction

band, electron accumulation13,15 and additional l degradation.

To overcome the strain in InN, it was suggested to use InAlN

buffer instead of GaN16 and to use a thin GaN capping on InN

to avoid the electron accumulation.17 Obviously, much effort

is needed for microwave InN-channel transistor to become

a reality; nevertheless in this paper we test crucial material

parameters of the state-of-the art 0.5 lm-thick InN layers:

electron mobility, carrier drift velocity and electrical

break-down.

(GaN)/InN (0001) sample was grown in a Riber 32p

molecular-beam epitaxy (MBE) system equipped with an

Oxford HD25 nitrogen RF plasma source.10,14,18,20 A careful

preparation of the growth chamber/vacuum and the source

materials was employed to limit the incorporation of unin-

tentional donor impurities, such as oxygen atoms, in the

InN layers. The background vacuum of the MBE growth

chamber was in the low 10�11 Torr range. 300 nm-thick GaN

buffer was MBE grown on a commercially available high-

resistivity GaN-on-sapphire template, followed by a 0.5 lm-

thick InN film grown at 400 �C. An optimized InN growth

process was followed according to the results of our previous

InN MBE investigations.14,18,20,21 A stoichiometric18,21 In/N

flux ratio was used to secure a two-dimensional growth

mode for InN nucleation on GaN (0001) and subsequent

epitaxial growth. The substrate temperature was carefully

controlled to avoid any InN decomposition,14 while provid-

ing sufficient diffusion length of the In addatoms on the sub-

strate surface to establish InN growth under the step-flow

growth mode.18,20,21 These conditions result in reduceda)Electronic mail: Jan.Kuzmik@savba.sk
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defect densities and atomically smooth surfaces of the InN

layers.20 Finally, a 5 nm-thick GaN cap layer was grown at

110 �C. The structure was initially characterized by conductiv-

ity and Hall Effect measurements ranging from room tempera-

ture (RT) down to 20 K, by high-resolution X-ray diffraction

(HRXRD), and by photoluminescence (PL). Diffraction analy-

sis was carried out using a Bruker D8 DISCOVER diffractom-

eter equipped with X-ray tube with a rotating Cu anode

operating at 12 kW. The density of dislocations with screw

(NdisS) and edge components (NdisE) was evaluated from the

X-ray rocking curves.19,20 Full-width half-maximum

(FWHM) values of two symmetric �0002 and 0004 and three

skew reflections �1012, 1122; and 1011 were determined.

Ndis were calculated as NdisS ¼
U2

0�
1:88b2

s
;NdisE¼

U2
90�

1:88b2
e
; where

Uv are the FWHMs of rocking curves at the inclination angle

v ¼ 0� and at the extrapolated v ¼ 90�; bs ¼ c ¼ 0:5703 nm

and be ¼ a ¼ 0:3538 nm are magnitudes of the Burgers vec-

tors of the corresponding dislocations, respectively.19 PL

spectra were recorded at 18 K using the 488 nm line of an

Argon ion laser for optical pumping. The PL radiation was

dispersed by a quarter-meter monochromator and detected

by a liquid-nitrogen-cooled InGaAs photodiode with an

extended wavelength range (2250 nm at 77 K).

A special test structure was processed, which comprises

InN two-terminal resistors with a length (L) ranging from �4

to �14 lm and width (w) of �4 lm. Mesa regions were

defined using an inductive plasma reactive ion etching sys-

tem by removing 600 nm of the top material. Ohmic contacts

were prepared using Ti/Al/Ni/Au. Pulsed I-V characteristics

of resistors were measured in a four-point configuration

using a transmission line pulser with a 10 ns pulse duration

(1 ns risetime)22 to reduce self-heating effects and avoid ther-

mal run-away.23 I(t) and V(t) waveforms were recorded by a

digital oscilloscope. The pulse repetition frequency was

1 Hz, so the device could cool down to RT before arrival of

the next pulse, i.e. there was no heat accumulation. After the

each increasing pulse magnitude, the resistor degradation

was checked by DC I-V measurements. Consequently, vd

was determined as vd¼ I/q n h w, where h is the InN thick-

ness and n is the free carrier concentration.7 Light emission

was investigated from the polished device backside in a

repetitive pulse mode (10 ns duration, 5 ns risetime and 5%

duty cycle) using an infrared camera with a wavelength cut-

off at �1750 nm. The camera frame rate was 50 Hz, so the

image was time-averaged approximately over the frame

period. The light passed via a 1500 nm long pass edge filter

without intensity change, so that the emitted light was in the

1500–1750 nm (0.83–0.71 eV) range. The camera gain has

been set to a fixed value, so the measured signal was directly

proportional to the light intensity.

Figure 1 shows the Hall Effect free electron concentra-

tion and mobility dependence on temperature. At RT, we

observed l ¼ 1040 cm2/Vs and n¼ 2.1� 1018 cm�3, compar-

ing well with the state-of-the-art data for given h.11,13 We

note that because of the InN surface/interface effects, a 3-

layer conduction mechanism composing bulk and �10 nm

thick 2 interfacial layers might be considered by evaluating

the Hall Effect measurements.13,24 Nevertheless, by taking

into account �3� 1013 cm�2 and 4� 1013 cm�2 electron

accumulation on both sides of the 500-nm thick InN,24,25

together with degraded mobility by about 75% if compared

with a bulk value,24 at RT, the conduction through thin inter-

facial layers can be estimated to be only about 15% of the

total conduction. The weak temperature dependence of l
indicates scattering on dislocations and ionized impurities,

similarly as reported elsewhere.11,12 This assumption was

further proved by extracting Ndis from HRXRD rocking

curves shown in Fig. 2(a), reaching 7.2� 108 cm�2 and

5.6� 1010 cm�2 for screw and edge dislocations, respec-

tively. It is assumed that desired reduction of Ndis will also

reduce n which if not under control may increase the InN

optical band gap far beyond 1 eV.26,27 In our case, PL spectra

having a peak at 0.69 eV and FWHM of 30 meV prove well

controlled n.

The examples of I(t) and V(t) waveforms for three stress

conditions on the InN resistor with L¼ 4 lm are given in

Fig. 3(a). Pulsed I-V curves, produced by averaging transient

data over 2–4 and 6–8 ns time intervals, are given in Fig.

3(b). Several distinguished features can be deduced from the

Fig. 3: (i) InN resistor obeys Ohm law up to Vknee¼ 9.5 V

(Eknee¼ 24 kV/cm) when I starts to rise non-linearly, (ii) in

the non-linear region I strongly rises with time [see top

curves Fig. 3(a)] which leads to a remarkable deviation of

I-V curves shown in Fig. 3(b), and (iii) pulses are non-

destructive up to �100 A/mm when a catastrophic break-

down occurs. Striking feature is also a lack of I saturation

FIG. 1. Directly measured Hall Effect free electron concentration and mobil-

ity dependence on temperature in 0.5 lm-thick InN grown on GaN.

FIG. 2. Crystallographic and optical assessment of InN: (a) HRXRD rocking

curves of selected diffractions and (b) PL spectra taken at 18 K.
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which might be a consequence of n increase at E� 24 kV/cm

and related pre-mature break-down at I �100 A/mm. Still, in

the linear region at Vknee, we could extract vd � 2.5� 105 m/s,

a promising value for the future device applications. We note

up to 15% underestimation of vd by neglecting conduction

through interfacial layers. To push the limits further, in the

following, we study mechanism of the transition to the non-

linear region by investigating the dependence of Eknee on L
and temperature (T), and by monitoring the light emission.

For the future transistor’s speed and power performance, it

will be indispensable to demonstrate high vd and I saturation,

e.g., to reach Ecrit before any non-linear effects appear.

Figure 4 shows similar resistor behavior for all dimen-

sions in respect of the transition to the non-linear I-V region

at constant Eknee� 22 kV/cm. Consequently, the mechanism

of the transition seems to be driven by the electric field. Eknee

is found to be independent also on T, as shown in Fig. 5 from

RT to 520 K, even though in the linear part I has decreased

by about 30% by heating. Here, we point again on Fig. 3(b)

where no time dispersion in the linear I-V region proves neg-

ligible self-heating, i.e., vd was not affected by the pulse

width. Even more surprising was monitoring the light emis-

sion shown in Fig. 6 for L¼ 13.8 lm, with the obvious onset

for the InN interband radiative recombination already at Erad

� 8.3 kV/cm. We note that due to cumulative pulsing, the

device degraded before Eknee, i.e., we were not able to investi-

gate the light emission in the non-linear region. Nevertheless,

in Fig. 7 we show flat and constant optical signal along the

resistor at E � 15 kV/cm. That proves homogeneous distribu-

tion of E in the linear I-V region.

The assumed increase of n at Eknee may be a conse-

quence of interband tunneling which is common for narrow

band gap semiconductors, of impact-ionization, or a combi-

nation of both.28,29 However, the impact-ionization seems

less likely, taking into account invariant Eknee on T, and

�200 kV/cm estimated elsewhere for the avalanche break-

down in a 0.7 eV band gap material.28 Therefore, the inter-

band tunneling, and in particular, trap assisted tunneling,30,31

may be a more plausible explanation, starting already at Erad

� 8.3 kV/cm and triggering the apparent break-down at Eknee

� 22 kV/cm. Nevertheless, it remains to be explained why

I rise at Eknee coincides with the onset of the transient

I-V regime. Here, we believe, a large concentration of

Ndis-related traps, which is still typical for the state-of-the-art

InN layers, play a role. InN is known to have a large number

of localized electrons due to the Fermi level pinning in the

conduction band.13,15 Consequently, if Eknee represents the

onset for the electron emission from traps that may cause I
transient with a particular time constant.31 Moreover, empty

FIG. 3. (a) I(t) and V(t) waveforms and (b) normalized pulsed I-V and vd –V
characteristics of the 4 lm-long InN resistor. The I-V characteristics are

obtained by averaging I(t) and V(t) waveforms over 2–4 and 6–8 ns time

spans; vd extraction [right y-axes of Fig. 3(b)] applies only for the linear I-V
region. Inset of (b) shows micrograph of the resistor.

FIG. 4. I-V characteristics of InN resistors with different L. The inset shows

Vknee dependence on L.

FIG. 5. I-E characteristics of the InN resistor with L¼ 5.8 lm at different T.

Inset shows Eknee dependence on T.

FIG. 6. Current (left axis) and light emission (right axes) dependence on E
of the resistor with L¼ 13.8 lm.
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states and/or redistributed electric field along the channel32

may provide a positive feed-back for additional trap-assisted

tunneling and/or initiate the avalanche breakdown.

Accelerated self-heating can also be considered in this case, as

increased n may modify the device thermal resistance by dis-

turbing hot-phonon interactions.33 Nevertheless, further inves-

tigations and physical modeling of InN resistors are needed to

fully understand and assign particular mechanisms. We also

tested a longer pulse width of 250 ns to enlighten the dynamics

of the electron emission however; premature thermal break-

down appeared already before Eknee was reached in this case.

In conclusion, by applying 10 ns-long pulses, we studied

the electron transport in 0.5 lm-thick InN layer grown on

GaN. At RT, structures with the electron mobility of

1040 cm2/Vs, electron density of 2.1� 1018 cm�3 and dislo-

cation density of 5.6� 1010 cm�2 reached a promising drift

velocity of �2.5� 105 m/s at the electric field of �22 kV/

cm, while I-V characteristics were still Ohmic. However, a

light emission was observed already at Erad� 8.3 kV/cm

which was assigned to intraband trap-assisted tunneling. We

suggest a time-dependent electron emission from traps at

Eknee� 22 kV/cm providing a positive feed-back for the

tunneling and/or triggering the impact ionization. Premature

catastrophic break-down appeared at �25 kV/cm, before

reaching the critical field for electron velocity saturation. To

increase vd in InN further and to mitigate non-linear effects,

we suggest to reduce the number of Ndis by i.e., performing

growth with a less strain.16 Finally, we note that future high-

frequency transistors may be designed with the channel

length comparable to the electron dead-space having low

impact ionization probability.34 That may also help to pre-

vent pre-mature breakdown.
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