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Observation of Barrier Inhomogeneity in Pt/a-plane n-type GaN Schottky
Contacts
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We carried out microscale and nanoscale investigations of the electrical properties of Pt/a-plane
n-type GaN Schottky contacts. Using the thermionic emission (TE) model, we observed that
both the barrier heights and ideality factors varied from diode to diode with a linear relationship
between them, indicating a spatial fluctuation of barrier height. The thermionic field emission (TFE)
model produced a better fit to the experimental current-voltage data than the TE model, which
suggested that tunneling, probably due to the presence of a large number of surface defects, played an
important role in the Pt/a-plane n-type GaN Schottky contacts. A two-dimensional current map of
the Schottky junctions using conductive atomic force microscopy revealed an inhomogeneous spatial
current distribution, which confirmed the existence of an inhomogeneous barrier in the Schottky

diodes.
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I. INTRODUCTION

[TI-nitrides are very attractive materials for optoelec-
tronic devices, such as light-emitting diodes (LEDs) and
blue/ultraviolet lasers, because of their direct and wide
band-gap [1]. However, optoelectronic devices based on
c-plane (0001) heterostructures are significantly affected
by spontaneous and piezoelectric polarizations due to the
quantum-confined Stark effect [2]. Polarization-induced
electric fields can spatially separate electrons and holes
within quantum wells, reducing the luminescence effi-
ciency and shifting the light emission to longer wave-
lengths than in polarization-free structures [3]. The
growth of GaN films in directions perpendicular to the
c-axis has been researched as a means of eliminating
these polarization-related effects in nitride-based opto-
electronic devices [4]. Despite the progress in GaN-
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based devices, the device performance is limited by the
presence of extended defects due to the thermal, lat-
tice, and symmetry mismatches with the sapphire sub-
strates, acting as nonradiative recombination centers and
negatively-charged scattering centers [5,6].
Characterization of the electrical properties of metal-
GaN contacts has the potential to elucidate the nature of
the transport and the role of defects in determining the
contact characteristics, which will contribute to realizing
high-performance GaN-based devices. Sawada et al. [7]
used potential pinch-off due to small patches of crystal
defects, such as dislocations and micropipes, to explain
the electron transport in n-type GaN (n-GaN). The elec-
trical properties of Pt contacts to n-GaN have been in-
vestigated in terms of the inhomogeneous barriers and
were correlated to a nanoscale electrical characterization
of the barrier [8]. The transport properties of a-plane
n-GaN contacts, however, have rarely been studied [9,
10]. In this work, Pt Schottky contacts were fabricated
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on a-plane n-GaN, and the properties were investigated
on both a micro and nanoscale.

II. EXPERIMENT

Si-doped nonpolar a-plane (1120) n-GaN thin films
grown on r-plane (1102) sapphire substrates by using
metalorganic chemical vapor deposition (MOCVD) were
used in this study. The electron concentration and mo-
bility determined by Hall-effect measurements were 1 - 2
x 10'® cm™3 and 60 - 80 cm?/V's, respectively. Planar
Pt Schottky diodes were fabricated using standard pho-
tolithography. The fabrication procedure of the Schottky
diodes has been described in detail elsewhere [11]. Mi-
croscale current-voltage (I-V) measurements (denoted as
“microscale I-V") were performed using a semiconductor
parameter analyzer (HP 4156B), and nanoscale I-V mea-
surements (denoted as “nanoscale I-V") were carried out
using a conductive atomic force microscopy (C-AFM)
system (Nanofocus Albatross II) with nitrogen-doped
diamond-coated Si tips (NT-MDT Co.). An enhance-
ment in the lateral resolution of the C-AFM could be
expected by introducing an ultrathin (~3 nm) Pt metal
layer between the metallic tip and the sample surface be-
cause it may enable ballistic transport perpendicular to
itself on one hand and decrease the in-plane transport
due to the high lateral resistance on the other hand [12].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the microscale I-V characteristics
measured from several Schottky diodes. With the as-
sumption of thermionic emission (TE) being the major
forward current contribution, the diode current can be
determined as [13]

I = Iylexp(¢(V — IRs) /nkpT) — 1], (1)
Iy = AA™T?exp (—qop/ksT), (2)

where A is the device area, A** is the effective Richard-
son constant (26.4 A/cm?K? for n-GaN), ¢p is the ef-
fective barrier height and V is the applied voltage. The
barrier height and the ideality factor were determined
to be 0.47 (£0.03) eV and 1.60 (£0.09), respectively.
As shown in Fig. 1(b), both the barrier heights and the
ideality factors varied from diode to diode with a lin-
ear relationship between barrier height and ideality fac-
tor, indicating the presence of a lateral inhomogeneity
in the Schottky barrier. In our previous work, we found
the barrier inhomogeneity of the Pt/a-plane n-GaN con-
tact by using current-voltage-temperature (I-V-T') mea-
surements [11]. In order to explain the observed barrier
inhomogeneity, we utilized a modified Richardson plot,
which adopts a lateral variation of the barrier height with
a Gaussian distribution over the Schottky contact area
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Fig. 1. (a) I-V characteristics of Pt Schottky contacts to a-

plane n-GaN measured at room temperature and (b) barrier

height versus ideality factor plot. The inset in (a) shows the

log(I) versus V plot, and the line in (b) is a linear fit to the
data.

[14]. The determined Richardson constant was 2.26 x
10° A/em?K2, which is much larger than the theoreti-
cal value of 26.4 A/cm?K2. This indicates that the TE
model, even including the inhomogeneous barrier height
effects, cannot explain the transport characteristics of
the Pt Schottky contacts to a-plane n-GaN. The simi-
larity between barrier heights from the thermionic field
emission (TFE) model and the flat-band condition sug-
gest that the TFE model is more appropriate to explain
the current transport in Pt/a-plane n-GaN Schottky con-
tacts.

In order to verify such results further, we calculated
the I-V characteristics by using both the TE and the
TFE models and compared these to the experimental I-
V characteristics. Here, the forward current Ir and the
reverse current Ir using the TFE model are given by [15]

Ir =1 o
F = 1Fpo€Xp (EOO coth (Eoo/kBT))
= Ipoexp (g) ) ¥
S AA**T\/WEOOQ (9B =V -¢)
Fo = kcosh (Eoo/kpT)
q& q(¢5 —§)
*oep {_ k5T Eo coth (Ego/ kBT)] ’ W

14 av
Ip =1 B ’
R R0 €XP (kBT Eqq coth (EOO/kBT)) ’ “
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Fig. 2. Experimental [-V characteristics (open symbols)
and I-V characteristics (lines) calculated using the (a) TE
model and (b) the TFE model.

_ ATV Ew _ qdv
IRO =4 k \/Q(V 5) + COth2 (Eoo/k‘BT)
9B
x oxp |: Eoo COth (EOO/kBT):| ’ (6)

where Egg = qh/4m (Np/m*e)'/? is the characteris-
tic energy related to the tunneling probability and & =
kgT/qIn(Nc/Np) is the energy difference between E¢
and Er, with N¢ being the effective density of states in
the conduction band and Np the carrier concentration.
The I-V curves calculated using the TE model are indi-
cated by lines in Fig. 2(a). Large deviations from the TE
behavior are clearly seen in both the forward and the re-
verse currents. Assuming FEyg = 12.6 meV obtained from
the carrier concentration of Np = 1 x 10'® cm™3, the
I-V characteristics calculated by using the TFE model
with Egs. (3) - (6) are shown by lines in Fig. 2(b). The
TFE model shows a better fit to the experimental I-V
data than the TE model, although there is still some dis-
crepancy between the experimental and the calculated
I-V data. Therefore, we can conclude that tunneling,
which may occur due to the large number of surface de-
fects, plays an important role in the Pt/a-plane n-GaN
contacts [16].

Figure 3(a) shows the nanoscale I-V characteristics
obtained from the C-AFM measurements. The I-V data
show the rectifying behavior, indicating nanoscale Schot-
tky contact formation of the Pt film on a-plane n-GaN.
When observing the reverse-biased current profiles in
Fig. 3(b), both the micro and nanoscale transport char-
acteristics show similar behaviors. Thus, we can specu-
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Fig. 3. (Color online) (a) Linear nanoscale I-V character-
istic and (b) semi-logarithmic microscale and nanoscale I-V
characteristics.
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Fig. 4. (Color online) (a) AFM topographic image, 2 x 2
um?, obtained for the Pt/a-plane n-GaN device, (b) C-AFM
current map of the region, 0.8 x 0.8 um?, boxed by the blue
square in (a), (c) line current map along the black line in (a),
and (d) current profiles along the lines corresponding to the
four points indicated by A, B, C, and D in (c).

late that both the micro and nanoscale I-V data have
the same current density profile when considering differ-
ent junction areas, which implies that there is negligible
leakage current around the periphery of the junction area
and the measured I-V characteristics can be regarded as
current values representing bulk Schottky barrier cur-
rents [17]. The barrier height and the ideality factor
for the nanoscale I-V data were calculated to be 0.35
(£0.02) eV and 2.89 (+0.12), respectively. The enhanced
tunneling current due to the reduced depletion width in
the case of a nanoscale Schottky contact might cause the
higher ideality factor and the lower barrier height [18].
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Figure 4(a) shows an AFM topographic image of the
Pt/a-plane n-GaN device. We found groovy structural
modulations running along the [0001] direction, as de-
noted by black thick arrows. The origin of these modu-
lations was attributed to the different adatom incorpo-
ration rate between the [0001] and the [1100] directions
[19]. Other characteristic features are the line patterns
along the [1100] directions, as indicated by white arrows,
which have heights slightly lower than that of the back-
ground surface. Figure 4(b) shows the C-AFM current
map obtained from the boxed region in Fig. 4 (a) simulta-
neously with the topographic image [Fig. 4(a)]. It shows
the inhomogeneous current distribution throughout the
region. A more impressive character is the narrow line
shape distribution of the rather low current regions ar-
ranged along the [1100] direction, as denoted by the yel-
low arrows.

To investigate the relevance of the local junction char-
acteristics to the topographic variation, we obtained a
set of current profiles with respect to the position and
the bias voltage (Vp) along a single topographic line,
a so-called ‘line current map’. We repeatedly scanned
the black line in Fig. 4(a) while varying Vg from -0.75
to 1.45 V and obtained the line current map as shown
in Fig. 4(c). One can note that the current flow as a
function of Vp highly depends on the position. The cur-
rent profiles along the four dashed lines in Fig. 4(c), in
which an individual curve represents the I-V character-
istics at each selected position, are shown in Fig. 4(d).
Although it is hard to extract common junction char-
acteristics due to the noisy curve shapes, one can dis-
tinguish clearly the dependence of the current level on
the measured position. This is consistent with the ex-
istence of low-current regions in the current map [Fig.
4(b)]. Also, with the fact that the directions of such
low-current regions were arranged along the [1100] di-
rection, the observations in Figs. 4(c) and (d) suggest a
direct relation between the spatial inhomogeneity in the
local I-V characteristics and the structural line patterns
found in Fig. 4(a).

A C-AFM and near-field optical microscopy (NSOM)
study on the properties of a-plane GaN films grown via
epitaxial lateral overgrowth (ELO) by using MOCVD
demonstrated the correlation between the presence of
surface pits and leakage sites [19]. From the structural
similarities to the line defects along the [1100] direction of
a-plane AIN and GaN [20], which are supposed to be the
protruded edges of the stacking faults in the c-plane, the
line-type structures in Fig. 4(a) seem to stem from the
stacking faults lying in the (0001) plane. Comparative
studies of the topography and the current distribution
of Pt/a-plane GaN show that such defects may cause a
reduction in the tip-sample nanojunction current due to
rather the large barrier height [21]. Resultantly, the ob-
servations in Figs. 4 suggest that the surface microstruc-
tures may modify the local junction characteristics in
Pt/a-plane n-GaN Schottky contacts, implying an inho-
mogeneous barrier. Therefore, both the nonuniform dis-
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tribution of surface pits and surface microstructures may
lead to an inhomogeneous barrier height with the dom-
inant transport mechanism being TFE. Further struc-
tural analyses with higher spatial resolution are needed
to clarify the origin of the TFE transport across the
Schottky junction in the Pt/a-plane n-GaN.

IV. CONCLUSION

In conclusion, we investigated the electrical proper-
ties for Pt/a-plane n-type GaN Schottky contacts. Us-
ing the thermionic emission (TE) model, it was observed
that both the barrier heights and ideality factors varied
from diode to diode with a linear relationship between
them, indicating the spatial fluctuation of barrier height.
Two-dimensional current maps of the Schottky junctions
using C-AFM revealed an inhomogeneous spatial current
distribution, which well supported our analyses including
the inhomogeneous barrier feature.
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