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SiO2-passivated lateral-geometry GaN transparent Schottky-barrier
detectors
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We report on a transparent Schottky-barrier ultraviolet detector on GaN layers over sapphire
substrates. Using SiO2 surface passivation, reverse leakage currents were reduced to a value as low
as 1 pA at 5 V reverse bias for 200mm diameter device. The device exhibits a high internal gain,
about 50, at low forward biases. The response time~about 15 ns! is RC limited, even in the internal
gain regime. A record low level of the noise spectral density, 5310223A2/Hz, was measured at 10
Hz. We attribute this low noise level to the reduced reverse leakage current. ©2000 American
Institute of Physics.@S0003-6951~00!01632-6#
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Recently several research groups have reported
i -GaN based photodetectors with low reverse leakage
rent and high speed and responsivity for visible-blind ult
violet ~UV! detection.1,2 Carrano et al.3 reported reverse
leakage current values of 1025 A cm22 ~at 25 V! for their
interlaced electrode geometry metal–semiconductor–m
detectors. In the past, using an etched mesa geometry
have reported on GaN based transparent Schottky-barrie
tectors with a very sharp visible-blind cutoff and respons
ity values as high as 0.18 A/W.4 These devices had revers
leakage currents of 1026 A cm22 at 25 V bias. We believed
that the leakage currents primarily result from the mate
defects caused by the mesa etch and the surface recom
tion. Using SiO2 surface passivation we now report on late
geometry transparent Schottky-barrier detectors with sign
cantly reduced values of reverse leakage currents. The s
tion of the lateral geometry precludes the need for mesa e
ing and, hence, significantly reduces the reverse leakage.
leakage current was further reduced by surface passivatio
the devices using plasma enhanced chemical vapor depo
~PECVD! SiO2 layer. This SiO2 deposition technique re
cently has been used by us to fabricate extremely low le
age current, high transconductance metal–oxid
semiconductor heterojunction field-effect transisto
~HFETs! on sapphire5 and SiC substrates.6

The epilayer structure for our devices consisted of a 1
mm-thick layer ofn2-GaN, which was deposited over bas
plane sapphire substrates at 1000 °C and 76 Torr using
pressure metalorganic chemical vapor deposition. Prio
this active layer a 800-A-thick AlN buffer layer was als
grown at 600 °C and 76 Torr. The growth conditions a
precursors are identical to those reported in our previ
work.5 The room temperature carrier density for the act
n-GaN layer was 331016cm23. Our devices consisted o
the lateral geometry transparent Schottky barriers surroun
by annular ohmic contacts~see inset in Fig. 1!. The ohmic
contacts were formed using Ti/Al/Ni/Au and were annea
at 650 °C for 1 min in forming gas. The transparent Schot
barriers were formed with 50–75-A-thick Pt layer, whic
8630003-6951/2000/77(6)/863/3/$17.00
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was deposited using electron-beam metallization and a s
dard lift-off process. Schottky barriers with diameters ran
ing from 50 to 400 mm were fabricated. The ohmic conta
and the transparent Schottky barriers were separated by
mm gap. Also, prior to the Schottky and ohmic contact fo
mation, a 0.1-mm-thick layer of SiO2 was deposited onto a
part of the wafer surface using PECVD. The other part of
wafer remained uncovered with SiO2 . Schottky barriers
were formed both in the SiO2 covered and the non-SiO2
regions.

Figure 1 shows dark current–voltage (I –V) characteris-
tics of a 400mm diameter Schottky diode, on regions wi
and without SiO2 passivation. In the voltage range of 10–2
V, the leakage current of the device with SiO2 passivation
was about 102– 104 times less than that of device withou
passivation. In Fig. 2 we include the dark and light char
teristics of a 200mm diameter SiO2 passivated Schottky di
ode. As seen, the dark current is as low as 1 pA at 5
reverse bias; it increases with reverse bias voltage and
saturates at a value of 1.5 nA at 45 V.

FIG. 1. Typical darkI –V characteristics of 400mm diameter Schottky
diode. Dashed curve—device without SiO2 surface passivation, solid
curve—with SiO2 passivation. Both devices are fabricated on the same
fer.
© 2000 American Institute of Physics
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Using a calibrated UV-enhanced Si photodiode we th
measured the responsivity for the transparent Schottky de
tor. A He–Cd laser at 325 nm wavelength was used for th
measurements. The responsivity at reverse bias of25 to
210 V wasS'0.19 A/W. As expected, the gain at rever
bias condition was nearly 1. However, at small forward
ases, below the barrier turn-on voltage~0.7 V!, a high gain of
approximately 50 was measured~see Fig. 2!.

We attribute the Schottky detector gain at forward b
to the trapping of the photogenerated holes at the ba
interface. The following model can describe this effect. T
trapped sheet hole concentration,ps , creates an additiona
electric field ofFs5(qps)/(ee0). This field reduces the bar
rier height by

DV5
qpsd

ee0
. ~1!

Here d is the depletion layer thickness at the meta
semiconductor interface. For the doping level of
31016cm23 the depletion widthd corresponding to 0.7 V
built-in barrier potential is about 0.2mm. From the measured
gain, G'50, we find that the barrier height reduction mu
be DV5Vth ln(G), whereVth5(kT/q);26 mV is the ther-
mal potential at room temperature. Hence, we find,DV'0.1
V, and the sheet density of the holes trapped near the in
face is then estimated to be

ps'ee0

DV

qd
;331010 cm22. ~2!

This trapping effect is significantly reduced under the reve
bias condition due to the high field, which causes car
separation. This explains the absence of gain under the
verse biasing. It is worthwhile now to compare the sh
density of trapped holes~2! with that estimated from device
reverse current. Since the gain is about 1 under the rev
bias condition, the concentration of photogenerated carr
nph5pph can be estimated from the reverse photocurrentI as

nph5
I

Aeffqv
, ~3!

whereAeff is the effective area of the detector~see below!,
and v is electron drift velocity. AssumingI 5531028 A
~see Fig. 2! and v;106 cm/s we find from~5! nph5pph

'109 cm23. Since the minimal response time of the detec

FIG. 2. Dark and lightI –V curves for 200mm diameter lateral Schottky
photodiode.
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was measured to be about 15 ns~see our experimental result
below!, the lifetime of the portion of trapped holes contrib
uting the photocurrent,t, has to be 15 ns, or less. Then, th
sheet density of those trapped holes can be estimated aps

5nphtv'1.53107 cm22. This trapped holes sheet densi
is about 2000 times less than that in~2!. This implies that
most of holes are trapped by very deep traps having lifetim
much longer than 15 ns. Those holes thus practically do
contribute to the pulse photoresponse of the detector. H
ever, their surface charge still decreases the Schottky-ba
height and thus results in internal gain. The presence of
tributed deep traps is consistent with our 1/f noise measure-
ments for AlGaN/GaN based HFETs.7,8

To utilize the gain, lateral geometry Schottky devic
have to be used with a slight positive bias. However, this
significantly reduce the effective device area due to the c
rent crowding resulting from the sheet resistance. We e
mated this potential decrease in the device active area
following model for our planar circular geometry devic
The current flows under the Schottky diode into a ring w
the width of Lt , whereLt is the effective transfer length
Thus, the effective area of the photodiode of a radiusR can
be expressed asAeff5pR22p(R2Lt)

2 ~for Lt,R!. The re-
sponsivity of the lateral photodiode,S, differs from its maxi-
mum value,Sm , that correspond to uniform current distribu
tion, by a geometrical efficiency factor

hg5Aeff /pR2512@12~Lt /R!2#. ~4!

If the diode radius is much larger than the gap between
electrodes, the effective transfer length can be estimate
Lt'Ard eff /Rsh, whererd eff5(VthAeff)/I is the effective dif-
ferential resistance of Schottky contact,Vth5kT/q is thermal
potential, Rsh is the sheet resistance of the semiconduc
film, and I is the device current. In general, for the give
current, Eq.~4! must be solved using the expression forAeff

above to find theLt . In the case where the photocurrent
much higher than the dark current,I 5hgSmPopt, wherePopt

is the optical power. The expression for transfer length th
becomes

FIG. 3. Geometrical efficiency of lateral Schottky photodiode as a funct
of device diameter at different values of the photocurrent densityJm . The
inset shows schematically the current spreading under planar Schottky
trode.Jm5I m /A5SmPopt /A, whereSm is maximal responsivity of the de-
vice with uniform photocurrent distribution,Popt is the incident optical
power, andA is the device area.
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Lt'A VthA

RshSmPopt
. ~5!

Figure 3 shows the dependence of the geometrical
ciency factorhg , on the device radius at different values
maximal photocurrent densityJm5SmPopt/A calculated
from ~4! and~5! for the following parameters of then layer:
the electron concentrationn5331016cm2; mobility m5300
cm2/V s; the thickness of the undepleted layer,d50.5 mm,
which corresponds to a small positive bias. As can be s
from the figure, for the large area devices at high photoc
rent densities, the photodiode responsivity degrades du
the current spreading effect. However, this effect is only p
nounced at optical powers in excess of 100mW for 50 mm
diameter device. Hence, a forward biased lateral photod
can be successfully used as a photodetector with high in
nal gain.

We also measured the low frequency noise for our tra
parent Schottky detectors. The major noise contribution w
1/f noise. At 10 Hz, the noise spectral density was measu
to be 5310223A2/Hz. This noise level is about two order
of magnitude better than previously reported4 for GaN trans-
parent Schottky devices with a mesa etch. We believe
the noise reduction can be attributed to reduced leakag
our device.

The detector speed of response was measured using
intensity N2 pulsed laser~337 nm wavelength, 4 ns puls

FIG. 4. The detector response time as a function of load resistance
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width! as the radiation source. The detector was connecte
series with a load resistorRL and biased as shown in Fig. 4
As seen from the figure, the response time was around 1
~for a 200mm diameter device at zero load limit! and it was
RC limited. This response time was about the same for b
reverse and forward bias. This means that the internal g
does not significantly increase the photodetector respo
time.

In conclusion, our Schottky-diode detectors with late
geometry showed a very low dark current and a record
1/f noise. This design eliminates a mesa etch leading t
surface leakage current and contributing to noise. Using S2

surface passivation reverse leakage currents were reduc
a value as low as 1 pA at 5 V reverse bias for 200mm
diameter device. The device exhibits a high internal gain
about 50 at small forward bias, below 1 V. This lateral ph
todiode can be successfully used as a fast photodetector
high internal gain under small forward bias.

This work was supported by the Ballistic Missile De
fense Organization~BMDO! under Army SSDC Contrac
No. DASG60-97-C 0066, monitored by Dr. Brian Stricklan
and Dr. Kepi Wu. The work at Rensselaer Polytechnic In
tute was partially supported by the National Science Fo
dation under Small Grant Exploratory Research Progr
~Project Monitor Dr. V. Lumesky!.

1M. Razeghi and A. Rogalski, J. Appl. Phys.79, 7433~1996!.
2D. Walker, E. Monroy, P. Kung, J. Wu, M. Hamilton, F. J. Sanchez,
Diaz, and M. Razeghi, Appl. Phys. Lett.74, 762 ~1998!.

3J. C. Carrano, P. A. Grudowski, C. J. Eiting, R. D. Dupuis, and J.
Campbell, Appl. Phys. Lett.70, 1992~1997!.

4Q. Chen, J. W. Yang, A. Osinsky, S. Gangopadhyay, B. Lim, M.
Anwar, M. Asif Khan, D. Kuksenkov, and H. Temkin, Appl. Phys. Let
70, 2277~1997!.

5M. Asif Khan, X. Hu, G. Simin, A. Lunev, J. Yang, R. Gaska, and M.
Shur, IEEE Electron Device Lett.21, 63 ~2000!.

6M. Asif Khan, X. Hu, G. Simin, J. Yang, R. Gaska, and M. S. Sh
~unpublished!.

7S. Rumyantsev, M. E. Levinshtein, R. Gaska, M. S. Shur, J. W. Yang,
M. A. Khan, J. Appl. Phys.87, 1849~2000!.

8N. Pala, R. Gaska, S. Rumyantsev, M. S. Shur, M. Asif Khan, X. Hu,
Simin, and J. Yang, Electron. Lett.36, 268 ~2000!.


