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Hole Schottky barrier height enhancement and its application to
metal–semiconductor–metal photodetectors

S. D. Lin and C. P. Leea)

Department of Electronics Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu,
Taiwan, Republic of China

~Received 25 April 2001; accepted for publication 4 September 2001!

Hole Schottky barrier heights on GaAs have been studied experimentally by using a conventional
metal–semiconductor–metal photodetector~MSMPD! structure. The Schottky barrier height for
holes was obtained directly by the hole-current dominated dark current measurement of the
MSMPD. With a thin, highly doped surface layer, control of the Schottky barrier heights for holes
from 0.48 to 0.79 eV was obtained. By using these engineered Schottky contacts in the MSMPDs,
over three orders of magnitude reduction in the dark currents of the MSMPDs was achieved.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1415060#
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I. INTRODUCTION

It is well known that the Schottky barrier height in man
semiconductors is relatively insensitive to the metal used
cause of the pinning of the Fermi surface level. This is p
ticularly true for GaAs.1–3 The Schottky barrier height is a
important parameter for many devices, such as field-ef
transistors ~FET!, high-mobility electron transistors
~HEMT!, and metal–semiconductor–metal photodetect
~MSMPDs!. Adjusting the barrier height to a desirable val
can lead to the improvement of device performance. Amo
various methods to control the Schottky barrier heights,4–11

using a thin, highly doped interfacial layer is most effecti
and has been used for a long time. In 1974, Shannon sho
that the Schottky barrier heights for electrons and for ho
on silicon could be controlled by ion-implanted layers.8 Fol-
lowing that work, the method was applied to other semic
ductors, e.g., GaAs,2,9 InP,10 and InGaAs.11 A thin surface
epilayer has also been used to modify the Schottky bar
heights. However, most of these investigations have b
focused on the Schottky barrier height for electrons (fbn)
only, and the studies of Schottky barrier height for ho
(fbp) are relatively few. Among the reported results on ho
Schottky barrier heights, the modification was achieved
introducing an additional layer~e.g., metal, semiconducto
or insulator!.4–7 The modified hole Schottky barrier heigh
were measured by usingp-type GaAs on ap1-GaAs sub-
strate. Results showed that the barrier heights can be
trolled in the range of 0.4–0.9 eV and the sums of the e
tron and hole Schottky barrier heights are equal to or l
than the GaAs band-gap energy.

In a conventional, unmodified Schottky diode, the su
of the electron and the hole Schottky barrier heights is eq
to the energy gap of the semiconductor.3 That is,

fbn1fbp5Eg . ~1!

This relation has been proven by experiments on many k
of semiconductors.1,12 From Eq.~1! one can easily determin

a!Electronic mail: cplee@cc.nctu.edu.tw
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the hole Schottky barrier height once the electron Scho
barrier height is known. This is why there is no need to stu
the hole Schottky barrier height directly. However, for t
modified Schottky diode with a thin, highly doped layer, t
equality may not be correct anymore. In the following, t
reason is explained by an example of ann-type Schottky
diode with a thinp1 layer between the metal and the sem
conductor. Assuming that the doping concentrations of
n-type semiconductor and the thinp1 layer areND andNA ,
respectively, andd is the thickness of thep1 layer, according
to the depletion model, the enhancement of the elect
Schottky barrier height (Dfbn) is

Dfbn5
qNA

2«s
d2, ~2!

whereq is the unit electron charge, and«s is the dielectric
constant of the semiconductor.3,8 On the other hand, the re
duction of the hole Schottky barrier height consists of tw
major contributions. The first, indicated byDfbp1, is caused
by image force lowering due to an enhanced electric field
the interface. It can be estimated by the formula below3

Dfbp15
q

«s
ANAd

4p
. ~3!

The other one is the enhancement of the tunneling curren
holes. By the calculation of Shannon in 1974,8 the amount of
reduction will be significant if the electric field at the inte
face is larger than about 105 V/cm, i.e., NAd.1012 cm22.
The quantity of the reduction of the hole Schottky barr
height contributed from the tunneling current depends on
hole’s effective mass and the surface electric field, etc.,
the equality in Eq.~1! obviously fails. In general, the sum
mation of the electron and the hole Schottky barrier heig
is larger than the energy gap of the semiconductor. Tha
why the direct measurement of hole Schottky barrier hei
is necessary in these modified Schottky diodes.

In the present article, we investigated the hole Schot
barrier height on GaAs by using a conventional meta
semiconductor–metal~MSM! photodetector structure. Th
6 © 2001 American Institute of Physics
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structure consists of two back-to-back Schottky diodes.
noring the two-dimensional and the image force lower
effects, under the flatband condition, i.e., the semicondu
between two metal contacts totally depleted, the total cur
Jt through the structure can be describe approximately by
simple relation:

Jt5Jn1Jp5An* T2e2qfbn /kT1Ap* T2e2qfbp /kT, ~4!

whereJn(Jp) is the electron~hole! current injecting from the
cathode~anode!, andAn* (Ap* ) is the Richardson’s constant o
the electron~hole!.13 For GaAs, the Richardson’s constant
electrons is about an order smaller than that of the hol3

Therefore the hole currentJp will be dominant if fbp is
equal or less thanfbn . In this case the hole Schottky barrie
height fbp can be obtained from the dark current measu
ment of the MSM photodetector. In addition, we also stud
the modified Schottky contacts containing a thin, high
doped GaAs layer by the same structure. For a 15 nm
31018 cm23 Si-doped layer, a reduction of over three orde
of magnitude for the dark current for the MSM photodetec
was achieved.

II. EXPERIMENT

A. Sample growth and device fabrication

The samples used for this study were grown by mole
lar beam epitaxy using a Varian GEN II system. The sam
structure is schematically shown in Fig. 1. The structure c
sists of, starting from the~100! semi-insulating GaAs sub
strate and the GaAs buffer layer, a 200 nm Al0.35Ga0.65As
layer, a 1mm GaAs layer, and a 15 nm GaAs layer. All laye
except the top 15 nm of GaAs were undoped. Five sam
(N1, N2, N3, P, and U! with the same structure were grown
study the doping effect of the top layer. Samples N1, N2, and
N3 were Si-doped with concentrations of 531017, 131018,
and 231018 cm23, respectively. Sample P was Be-dop
with a concentration of 131018 cm23, and for comparison
sample U had an undoped top layer. In order to minimize
effect of the dopant diffusion during growth, the substra
temperature was decreased from the normal growth temp
ture of 575 °C to about 540 °C before the top layer growth
fact, the structure of sample U is exactly the same as a c
ventional MSMPD.14 In the structure, the undoped GaA
layer is the absorption layer, and the AlGaAs layer is
absorption stop layer, to prevent the photogenerated car
in the substrate from being collected by the electrodes of

FIG. 1. A schematic diagram of the layer structures of samples N1 ~ND

5531017 cm23!, N2 ~ND5131018 cm23!, N3 ~ND5231018 cm23!,
P~NA5131018 cm23!, and U~undoped! used in the study.
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photodetector. Besides, because the characteristics
Schottky contacts are very sensitive to the process pro
dures, a sample with the structure of a conventional Scho
diode was grown on~100! n1-GaAs substrate. This sampl
served to monitor the process conditions of other sample

All five samples were processed together. The proc
was basically the same as that of the conventional MSMP
i.e., it was composed of three main steps: finger metalli
tion, dielectric passivation and isolation, and pad formati
Three different devices were fabricated on each sam
They consist of conventional MSMPDs with both electrod
on the top layer, MSMPDs with one electrode on the t
layer and the other on the absorption layer, i.e., the surf
on which the top layer was etched off, and MSMPDs w
both electrodes on the absorption layer. In this study they
called T ~top!, A ~asymmetry!, and B ~bottom! devices, re-
spectively. A schematic of the three devices is shown in F
2. The Schottky metal used was Ti/Pt/Au, with a thickness
30 nm/30 nm/100 nm. Before the top metal deposition,
samples were treated with an UV/ozone stripper, and t
dipped in HCl/H2O ~1:1! for 30 s to remove surface contam
nants and native oxide. After both finger electrodes w
formed, a surface passivation layer of 150 nm silicon-ox
(SiOx) was deposited using plasma-enhanced chemical
por deposition~PECVD!. In the finished devices, the finge
spacing was 6mm and the active area was 2003200 mm2.

During the device processing, the conventional Schot
diodes were fabricated at the same time. Two diodes w
prepared, one with the Schottky metal on the as-grown
face ~denoted asST!, and the other with the schottky meta
on an etched surface~denoted asSB!.

B. Result and discussion

The current–voltage characteristics of all devices w
measured with a HP4145 semiconductor parameter anal

FIG. 2. A schematic diagram of the three kinds of devices: T, B, and A
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on a probe station. The conventional Schottky diodesST and
SB were measured first. The obtained ideality factors a
electron Schottky barrier heights for devicesST(SB) were
1.03 ~1.04! and 0.85 eV~0.86 eV!, respectively. From thes
results we can conclude that first, the Schottky conta
formed by our process procedure were pretty good, and
ond, the Ti/Pt/Au–GaAs Schottky contacts on the as-gro
surface and the etched surface had almost the same elec
characteristics.

In the following, the current–voltage characteristics
the MSM devices were measured under the dark condit
For sample U, theI–V curves of the devices T, A, and B
were almost the same. This is because the Schottky con
of both electrodes were formed on the undoped GaAs
face. However, for other samples, since the Schottky cont
of devices T, A, and B were formed on the layers with d
ferent doping, theI–V curves were totally different. For ex
ample, theI–V curves of the various device types of samp
N2 were shown in the Fig. 3. Devices T and B had nea
symmetricI–V curves while device A showed an asymmet
I–V curve. The cause for such a difference is the location
the electrodes. For devices T and B, both the anode and
cathode were on the same layer but for device A, one e
trode was on then1 layer while the other was on the un
doped GaAs layer. It should be noted that under positive b
voltage the electrons injected from the bottom electro
Comparing theI–V curves of these devices, we found th
for positive bias, theI–V curves of devices A and T ar
almost the same. On the other and, for negative bias, theI–V
curves of devices A and B are almost the same. This re
can be understood by the following explanation. TheI–V
characteristics of MSMPDs can be approximately descri
by Eq. ~4! mentioned before. However, the Schottky barr
heights for electrons and for holes~fbn and fbp , respec-
tively!, were modified. Since the top layer of sample N2 was
n typed, fbn was reduced andfbp was enhanced. If the
amount of change infbn and fbp are Dfbn and Dfbp ,
respectively, the dark currents of the devices T and B of
sample can be estimated by the following equations

JtT5JnT1JpT5An* T2e2q~fbn2Dfbn!/kT

1Ap* T2e2q~fbp1Dfbp!/kT, ~5!

FIG. 3. The measured current–voltage characteristics of the devices
and A of sample N2.
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JtB5JnB1JpB5An* T2e2qfbn /kT1Ap* T2e2qfbp /kT, ~6!

and, for device A, due to the asymmetric structure, the d
current of the device under different polarity has to be e
mated with different equations as shown below

JtA
1 5JnA

1 1JpA
1 5An* T2e2qfbn /kT

1Ap* T2e2q~fbp1Dfbp!/kT, ~7!

JtA
2 5JnA

2 1JpA
2 5An* T2e2q~fbn2Dfbn!/kT

1Ap* T2e2qfbp /kT. ~8!

For unmodified Ti/Pt/Au–GaAs Schottky contacts, the b
rier height,fbn , for electrons was about 0.85 eV, which
much larger than the hole’s barrier height. So, the contri
tion of the electron current to the total current is negligib
for MSM structures. If we neglect all electron current in th
above equations, we can easily see thatJtT5JtA

1 and JtB

5JtA
2 . So, from theI–V curve in Fig. 3, we can conclud

that the hole current dominants in all devices for sample2.
Even with the modified Schottky barrier height, the electr
barrier height is still larger than the hole barrier height.
fact, for all the samples~N1,N3, and P!, the total currents of
all devices were dominated by the hole currents, as obse
by the equalities ofJtT5JtA

1 and JtB5JtA
2 in the measured

I–V curves.
As discussed in the Introduction, if the total current

the MSMPD is dominated by the hole current, we can de
mine the Schottky barrier height for boles with the total cu
rent easily. TheI–V curves of devices T of all five sample
are shown in Fig. 4. In the figure we can observe that
current increases slowly with the voltage for all the devic
due to the increased image force lowering. From theI–V
curves we can extrapolate the total current at zero volt
and then calculate the hole Schottky barrier heights. T
Richardson’s constant of holes used in the calculation w
74.4 A/cm2/K2. In Fig. 5 the calculated result is shown. Firs
it should be noted that the Schottky barrier height for ho
of sample U is about 0.57 eV. The summation of this va
and the Schottky barrier height for electrons~0.85 eV! is
equal to the energy gap of GaAs exactly. This result is
surprising because sample U has an undoped top layer.
Schottky barrier is not modified so the result is consist

B,FIG. 4. The measured current–voltage characteristics of the T devices o
the samples: P, U, N1, N2, and N3.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1 May 2014 07:02:16



is

rie
r

ig
ig

e
a
t
p
r

e
en

f
o

e

25
le

as
he
ur-
The
ted
re-
ers

to
ier
top
ge.

.79
ve
ers

un-
ee-

. A.

R.

oc.

n

lt o

5669J. Appl. Phys., Vol. 90, No. 11, 1 December 2001 S. D. Lin and C. P. Lee

 [This a
with Eq. ~1!. This result also indicates the validity of th
method for determining the hole Schottky barrier height.

Figure 5 shows that the determined Schottky bar
heights for holes in the range from 0.48 to 0.79 eV we
obtained from different samples. Depending on the types
dopants and their doping concentrations, the barrier he
can be varied from 0.48 to 0.79 eV. The largest barrier he
was obtained when the top layer wasn type with a doping
concentration of 231018 cm23. When the top layer was P
type with a doping level of 131018 cm23, the barrier height
was reduced to 0.48 eV. As shown in the figure, the dep
dence of the barrier height on doping level is nearly line
The tunable range of the holes Schottky barrier heigh
comparable to previous reported results and easier to im
ment due to its good linearity.4–7 Because the hole barrie
height can be greatly increased by the use of a thinn1 top
layer, the dark current of a MSMPD can be greatly reduc
with such a structure. As shown in Fig. 4, the dark curr
measured from the MSMPD in sample N3 ~top layer with a
N-type doping of 231018 cm23! is about three orders o
magnitude lower than that measured from the detector
sample U~the conventional structure!.

Finally, the responsivities of the devices of all th
samples were measured using a commercial 0.85mm laser
diode pigtailed with a bare fiber. At an incident power of
mW, the measured responsivities of all T devices of samp

FIG. 5. The calculated Schottky barrier heights for holes from the resu
Fig. 4, where in the axis for doping concentration, the positive side isp type,
the negative side isn type, and the zero point is undoped.
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N1, N2, N3, and U were about 0.12–0.14 A/W under the bi
voltage of 5 V. From this result we can conclude that t
n-type doped top layer, which greatly suppress the dark c
rent, does not degrade the responsivity of the devices.
internal quantum efficiencies of the devices were calcula
by considering the thickness of the absorption layer, the
flection from the device surface, and the area of the fing
on the surface. The values were all around 80%.14

III. CONCLUSION

In conclusion we have used the structure of MSMPDs
investigate the modified and unmodified Schottky barr
heights for holes on GaAs. By using a thin and doped
layer, the barrier height can be varied over a wide ran
From 131018 cm23 P-type doping to 231018 cm23 n-type
doping the hole barrier height is changed from 0.48 to 0
eV. By using the modified barrier height of 0.79 eV we ha
obtained a reduction in the dark current for over three ord
of magnitude for MSM photodetectors.
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