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Abstract

We report a novel observation method for in-plane
carrier concentration nonuniformity: the optical beam in-
duced current (OBIC) measurement by sub-bandgap
light using the Franz—Keldysh effect and avalanche mul-
tiplication. When a GaN p-n diode was observed by this
method, an in-plane mapping image reflecting the differ-
ence in in-plane photocurrent intensity was obtained. We
found that it shows the difference in the multiplication
factor and this is caused by carrier concentration nonuni-
formity, which is of 10"“cm™ order by calculation. This in-
dicates that this method has a high resolution.

1. Introduction

GaN has attracted much attention as a next—generation
material for power devices because of its high critical electric
field. There have been many reports on GaN vertical power
devices. Recently, a simple structure with a uniform electric
field distribution was reported for a GaN vertical p-n diode
(PND) [1], [2] that shows excellent reverse I-V characteris-
tics. However, the luminescence at breakdown has appear-
ance of a stripe [1] or dots [2], suggesting in-plane minute
carrier concentration nonuniformity. To discuss the theoreti-
cal limit of the breakdown voltage of a GaN PND, it is nec-
essary to clarify how much fluctuation of the carrier concen-
tration occurs. In this study, we propose optical beam induced
current (OBIC) measurement with sub-bandgap light using
the Franz—Keldysh effect (F—K effect) [3], [4] and avalanche
multiplication as a new observation method of carrier concen-
tration nonuniformity. In a PND, the absorption of sub-
bandgap light owing to the F—K effect occurs in a high-elec-
tric-field region around p-n junction, so it is expected that the
information (electric field or carrier concentration) can be ob-
tained as photocurrent. In addition, the photocarrier multiplic-

Ni/Au

polyimide
\

10 pm
etching
n-GaN : 13 um

n'-GaN sub. s
N Al 7 —

Fig. 1 Schematic diagram of p-n diode.
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ation factor is sensitive to the electric field distribution. The
electric field distribution is determined by the carrier concen-
tration. Therefore, we can determine the carrier concentration
from the multiplication factor. For this reason, we can ob-
serve carrier concentration nonuniformity directly by com-
bining these phenomena.

2. Experiment

Fig. 1 shows a schematic diagram of the PND that we fab-
ricated. We utilized a vertical deep mesa structure for the
edge termination [1]. It consists of a p'-layer (Mg:
>2x102%cm3, 30 nm), p-layer (Mg: 2x10%cm, 600 nm), and
n-layer (Si: 2.4x10'® cm3, 13 um) grown by metal-organic
vapor phase epitaxy on an n*-GaN free-standing substrate
fabricated by hydride vapor phase epitaxy. The carbon con-
centration in the n-layer is 1.5x10' cm™ and the net donor
concentration obtained by C—V measurement is 2.1x10'® cm-
3. The vertical deep mesa structure is fabricated by inductive
coupled plasma-reactive ion etching. The etching depth is 10
pm and the mesa diameter is 540 um. To passivate the side-
wall surface, it is coated with 3-pum-thick polyimide. Fig. 2
shows a schematic of the measurement system. We used
emission microscopy (PHEMOS-1000, Hamamatsu Photon-
ics) for the OBIC measurement. The wavelength of the scan-
ning laser is 405 nm, at which the F-K effect can be observed
in the GaN PND [5]. The scanning laser enters from back
(substrate side) of the PND with an applied voltage close to
the breakdown voltage, and the in-plane mapping image
(OBIC image) is obtained as a grayscale image corresponding
to the in-plane photocurrent intensity distribution. After that,
the reverse /- characteristics with photon excitation by the
405 nm laser are measured without scanning at a bright point
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Fig. 2 Schematic of the OBIC measurement system.
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Fig. 3 (a) Emission microscopy image at =827 V and (b) OBIC image at —812 V. The mesa diameter is 540 um and the electrode diame-
ter is 500 um. Red arrows show corresponding points on the emission microscopy image and the OBIC image.

and a dark point, as shown in Fig. 3, and the voltage depend-
ence of the multiplication factor at each point is obtained.

3. Results and Consideration

Fig. 3(a) shows an emission microscopy image of the
PND at the breakdown voltage and Fig. 3(b) shows its OBIC
image. The bright region in the OBIC image shows good
agreement with the emission pattern. Fig. 4 shows the voltage
dependence of the multiplication factor at the bright point and
dark point shown in Fig. 3(b). The multiplication factor is de-
fined as the ratio of the measured photocurrent to the calcu-
lated F—K-effect-induced photocurrent, M = I/Irx. The two
multiplication curves are very similar, although the curves
show slightly different reverse bias voltage above 700 V. This
shows the slight difference in the electric field distribution
between the two points. In the vertical deep mesa PND,
electric field crowding does not occur [1] so it seems that this
difference indicates in-plane carrier concentration nonuni-
formity. The multiplication factor can be calculated using the
ionization integral [6]. In the p*-n one-sided abrupt-junction
diode, the measured multiplication factor under the photon-
excitation-induced F—K effect can approximate the electron-
initiated multiplication factor, M ~ M,. To calculate M,, the
electron and hole impact ionization coefficients, o, and o,
respectively, are necessary. There have been several reports
on their values in GaN [7], [8]. However, a precise value is
still to be determined; therefore, first, o, and ¢, were deter-
mined by fitting the experiment data at the bright point (red
marks shown in Fig. 4) with Chynoweth’s equation [9]. The
net donor concentration used was 2.10x10!¢ cm?, obtained
from C—V measurement. The result of the fitting is shown in
Fig. 4. The calculated curve (red dashed line) shows good
agreement with experimental results and
1.86x10%exp{(—-1.13x107/E)} cm' and o = 2.35><10"-
exp{(—1.55x107/E)} cm™! are obtained, where E is the electric
field. Then, Ny is determined by fitting the experiment data at
the dark point (blue marks shown in Fig. 4) using these o
and op. The multiplication curve calculated using Ng =
2.07x10'% cm™ shows good agreement (blue dashed line
shown in Fig. 4) with experimental results. This means that
the difference between these multiplication curves at each
point can be explained by net donor concentration nonuni-
formity, which is of 180 cm™ order, and the luminescence
variation in the previous report [1], [2] can also be explained
by this slight nonuniformity.
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Fig. 4 Voltage dependence of multiplication factor at bright
point (red) and dark point (blue).

4. Conclusions

In this study, we proposed OBIC measurement making
use of a combination of the F-K effect and avalanche multi-
plication as a method of observing the carrier concentration
nonuniformity in a vertical GaN PND. The OBIC image
showed good agreement with the emission microscopy image
and reflected the difference in the in-plane multiplication fac-
tor. This difference can be explained by the net donor con-
centration nonuniformity, which is of 10'* cm™ order as de-
termined using the ionization integral, and it means the lumi-
nescence variation at breakdown also occurred as a result of
this slight carrier concentration nonuniformity. This result in-
dicates that this method enables a high resolution of 10
cm order in the observation of carrier concentration nonuni-
formity in a GaN vertical PND.
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