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Abstract
In this paper, we report on the fabrication a GaAs
metal–semiconductor–metal photodetector with both low dark current and
high responsivity at 850 nm. By using the Schottky contacts modified by a
thin, n+-doped layer on the surface of the devices, the lowest dark current
density of about 4.5 × 10−7 cm−2 was achieved. Besides, in the same
devices, the responsivity resulting from a newly designed
resonant-cavity-enhanced structure with a superlattice distributed Bragg
reflector was about 0.34 A W−1 at 850 nm. The equivalent external quantum
efficiency of the devices with equal finger spacing and finger width was
about 48%. Our design is relatively easy and reproducible for both the
sample growth and the device process.

1. Introduction

Low-noise and high-speed photodetectors are indispensable
components for high-speed fibre communication systems and
optical interconnection modules. It is well known that
metal–semiconductor–metal photodetectors (MSMPDs) have
several advantages [1–4] compared with traditional p–i–n
photodiodes. Firstly, they have a planar structure, which
is compatible with most electronic devices, making them
ideal for optoelectronic integrated circuit (OEIC) applications.
Secondly, because of their geometry, they have a lower
capacitance for the same active area resulting in a lower (RC)
time delay. Thirdly, the process for fabricating these devices is
very simple and is compatible with regular IC processes. All
of these properties make MSMPDs attractive for high-speed
communication applications.

However, large dark current and poor responsivity remain
as problem areas for MSMPDs in various applications.
Because the dark current is normally controlled by the
Schottky barrier of the metal contacts of the devices, there
have been several methods developed to engineer the Schottky
barrier height, including epitaxial structure adjustment and
device process treatment [5–11]. However, to date, the lowest
reported dark current densities for GaAs [5] and InGaAs
[7] (on InP substrates, with an InAlAs Schottky barrier
enhancement layer) MSMPDs are about 6 × 10−6 cm−2

and 2 × 10−6 cm−2, respectively. Most of these methods
also rely on complicated and often difficult fabrication
processes. There have also been several methods developed
to enhance the responsivity of the devices [12–15]. From
these, the transparent fingers and resonant-cavity-enhanced
(RCE) structures are more effective than others. A transparent
electrode, such as ultra-thin metal or indium–tin oxide (ITO)
Schottky contacts, however, suffers from reliability and/or
reproducibility problems. The RCE structure is a good
solution for responsivity enhancement, because it uses a thin
absorption layer and has an almost 100% internal quantum
efficiency. Unfortunately, in conventional RCE designs, the
tolerance of the layer thickness and/or the device process
is relatively small. And most importantly, the compatibility
with other devices, e.g. field-effect transistors (FETs), and/or
processes has to be sacrificed.

To overcome these difficulties mentioned above, we have
developed a GaAs MSMPD which has both low dark current
and high responsivity at 850 nm. Our design is easy and
reproducible for both the sample growth and the device
process. By using the Schottky contacts modified by a thin,
n+-layer on the surface, we achieved a reduction in the dark
current of three orders of magnitude. The resulting dark
current density was about 4.5 × 10−7 cm−2. This is the
lowest dark current density for GaAs MSMPDs reported so
far. Besides, in the same devices, we used a resonant cavity
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to enhance the responsivity. The responsivity was about
0.34 A W−1 at 850 nm. The equivalent external quantum
efficiency of the devices with equal finger spacing and finger
width was about 48%. This means that almost all incident
light through the spacing between the fingers was absorbed
and converted into photocurrent.

2. Device structure design

2.1. Reduction of dark current with modified Schottky
contacts

A conventional MSMPD consists of two back-to-back
Schottky diodes. Based on Sze’s work in 1971 [17], ignoring
the two-dimensional and the image force lowering effects,
under the flat-band condition, i.e. the semiconductor between
two metal contacts totally depleted, the total current Jt through
the structure can be described approximately by the simple
relation

Jt = Jn + Jp = An
∗T 2 e−qφbn/kT + Ap

∗T 2 e−qφbp/kT (1)

where Jn (Jp) is the electron (hole) current injected from the
cathode (anode), φbn (φbp) is the electron (hole) Schottky
barrier height, and An

∗ (Ap
∗) is the effective Richardson’s

constant for the electron (hole). In a conventional, unmodified
Schottky contact, the sum of the electron and the hole Schottky
barrier heights equals the energy gap of the semiconductor, i.e.

φbn + φbp = Eg. (2)

This relation has been proven by experiments on many
semiconductors [18, 19]. From equations (1) and (2), it is
obvious that, if we try to reduce the electron flow in the dark
current, the hole current will increase at the same time, and
vice versa. However, if the Schottky contact is modified, it
is possible that the sum of φbn and φbp will be larger than Eg

[16]. The dark current can then be reduced. For GaAs with
a Ti/Pt/Au Schottky contact, the unmodified electron (hole)
Schottky barrier height is about 0.8–0.85 eV (0.62–0.57 eV).
So the dark current of GaAs MSMPDs is dominated by the
hole current (Jp). In this work, we have used a thin, highly-
doped n+ surface layer to increase the hole Schottky barrier
height. In this way, the hole conduction is suppressed while
the electron current remains low.

We assume that the doping concentrations and the
thickness of the thin n+ layer are ND and d, respectively.
According to the depletion model, the enhancement of the
hole Schottky barrier height (�φbp) is

�φbp = qND

2εs

d2 (3)

where q is the unit electron charge and εs is the dielectric
constant of the semiconductor [18, 20]. In this study, the n+

layer was chosen to be 15 nm thick with a doping concentration
of 2 × 1018 cm−3. In this case, the dark current is still
dominated by the hole current injected from the anode and,
based on equation (3), the enhancement of the hole Schottky
barrier height (�φbp) is about 0.31 eV. So, according to
equation (1), we achieve a reduction in dark current of several
orders of magnitude.

T

R

Rf

Rb

d

Figure 1. A schematic diagram of a RCE structure.

2.2. Enhancement of responsivity by RCE structure with a
superlattice distributed Bragg reflector

For many years, it has been known that a resonant cavity can
be used to enhance the quantum efficiency of a PD [21, 22].
In this work, we combine the resonant cavity design with
our low dark current MSM structure. Detectors with very high
quantum efficiency and a very low dark current were achieved.
The device was designed in such a way that only one distributed
Bragg reflector (DBR) was used. So the process is very simple
and is compatible with that of conventional MSM detectors.

In a RCE PD, as shown schematically in figure 1, the
quantum efficiency of the device is

η = 1 − T − R = (1 − Rf )(1 − e−αd)

× 1 + Rb e−αd

1 + R2
α − 2Rα cos(4nsπd/λ)

(4)

where T and R are the transmittance and reflectance of
the structure, respectively. Rf (Rb) is the reflectivity of
the front (back) side interface, and Rα is defined to be
Rα ≡ √

RbRf · e−αd [22]. The parameters α, d and ns

are the absorption coefficient, thickness and refractive index,
respectively, and λ is the wavelength of the incident light.
Under resonant condition, i.e.

d = m
λ

2ns

m = 1, 2, 3, . . . (5)

the quantum efficiency is maximized. Furthermore, if the front
mirror reflectivity, Rf, satisfies

Rf = Rb e−2αd

the quantum efficiency becomes the highest:

ηmax = (1 − e−αd)
1 + Rb e−αd

1 − Rb e−2αd
. (6)

It is not difficult to see that, if Rb ≈ 1, ηmax will be close to
unity, which means that all the incident light is absorbed by
the RCE structure. According to the above calculation, we
can design the RCE MSMPD at 850 nm in the following way.

First, because a larger Rb gives higher quantum efficiency
(η), we need a DBR with a high reflectivity at 850 nm.
For semiconductor DBRs, AlyGa1−yAs/AlxGa1−xAs (y ∼ 1,
x ∼ 0–0.3) DBRs are commonly used and have been applied
at the wavelength region from visible to near-infrared. In
conventional 850 nm DBRs, in order to avoid the absorption
of GaAs at 850 nm, we have to replace GaAs with AlxGa1−xAs
for the high refractive index layer, as shown in figure 2(a).
However, in this way the refractive index difference is reduced,
and the number of layers has to be increased for a certain
reflectivity. In this work, we propose a new DBR structure
to solve this difficulty. By using an AlAs/GaAs superlattice
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Figure 2. Structure diagrams of (a) a conventional
AlAs/Al0.2Ga0.8As DBR and (b) an AlAs/GaAs SL-DBR.

for the high index regions, we can increase the bandgap of
the region due to the quantum effect. Figure 2(b) shows the
DBR structure used in this work. Under the constraint of a
constant optical path length of a quarter wavelength, we can
find suitable numbers and thicknesses of the AlAs and GaAs
layers to avoid any absorption at 850 nm in the superlattice
region. Our simple calculation result shows that five 2.5 nm
AlAs layers in six 8 nm GaAs layers can keep the absorption
edge at about 830 nm. Even if we take the two-dimensional
(2D) exciton effect into consideration, this design should be
sufficient to avoid any absorption at 850 nm [21]. Figure 3
shows the calculated reflectivity of the superlattice (SL) DBR
at 850 nm as a function of the number of periods. For
comparison, the calculated reflectivities of AlAs/GaAs and
AlAs/Al0.2Ga0.8As DBRs are also shown in the figure. The
absorption of GaAs at 850 nm is omitted in the calculation. The
Al0.2Ga0.8As/AlAs DBR is included for comparison because
the average Al composition of the superlattice is equal to 20%.
From figure 3, we can see that, for a fixed number of periods,
the reflectivity of the AlAs/Al0.2Ga0.8As DBR is lower than
that of the AlAl/GaAs DBR as expected, because of a smaller
difference of refractive index. However, the reflectivity of
the SL-DBR is almost the same as that of the AlAs/GaAs
DBR. The reason for the higher reflectivity in SL-DBRs can be
understood as follows. For the same periods of DBRs, a larger
difference of refraction index between the two materials gives
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Figure 3. The calculated reflectivity at 850 nm as a function of the
periods of high–low index pairs for the three types of DBR.
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Figure 4. The calculated quantum efficiency of a RCE structure
under different Rf for various absorption layer thicknesses in the
resonant condition.

higher reflectivity. Compared with Al0.2Ga0.8As/AlAs DBRs,
the AlAs/GaAs SL-DBRs have a larger index difference, so a
higher reflectivity was obtained in the above-calculated result.
It should be mentioned that another major advantage of this
new DBR is that it does not absorb light at 850 nm.

We then consider the design of the front-mirror reflectivity
(Rf) and the absorption layer thickness (d). Figure 4 shows the
dependence of η on the front-side reflectivity Rf for different
absorption layer thicknesses. Rb is fixed at 0.97 in the
calculation, which can be achieved easily by a twelve-period
SL-DBR mentioned above. From the figure, we can see that,
when d equals four times the half-wavelength, we can obtain
a very high absorption (≈95%) for a large region of Rf around
0.35. Because the reflectivity of the GaAs/air interface is
about 0.32 at 850 nm, the absorption thickness of four times
the half-wavelength is suitable for our design of MSMPD.

Because of the need for passivation on the surface of GaAs
MSMPDs, we have to consider the passivation layer effect on
Rf. Figure 5 shows the relation between the thickness of the
dielectric layer and front-side reflectivity Rf. From the figure,
we can see that, even there is a ±20% thickness error during
the deposition of the passivation layer, Rf is still in the region
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Figure 5. The calculated dependence of Rf on the thickness of the
dielectric layer for SiOx and SiNx.
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Figure 6. The epitaxy structure of the RCE MSMPDs used in this
study.

for almost maximum absorption (�90%). Therefore, from the
above calculation, high quantum efficiency GaAs MSMPDs at
850 nm can be easily fabricated.

3. Sample growth and device fabrication

The samples used for this study were grown by molecular beam
epitaxy using a Varian GEN II system. The sample structure is
schematically shown in figure 6. Starting from the (100) semi-
insulating GaAs substrate and the GaAs buffer layer, it consists
of a twelve-period SL-DBR, a GaAs absorption layer with a
thickness of four half-wavelengths at 850 nm, and a 15 nm
n+-doped GaAs layer with a concentration of 2 × 1018 cm−3.
All the layers except the top 15 nm GaAs layer were undoped.
In order to minimize the effect of the dopant diffusion during
growth, the substrate temperature was decreased from the
normal growth temperature of 575 ◦C to about 540 ◦C before
the top layer growth. Besides, to make sure that the grown
structure meets the design criterion, another sample without
an absorption layer was also grown for comparison.

Before device processing, the reflectivity of the samples
was measured in advance. Figure 7(a) shows the reflectivity
spectra of the sample without the absorption layer. From the
figure, it is obvious that the sample without an absorption layer
(i.e. SL-DBR only) has a very high reflectivity of about 0.97 at
850 nm as expected. The two dips at about 820 and 830 nm are
due to the 2D exciton absorption in high-index SL layers. On
the other hand, as shown in figure 7(b), the reflection spectrum
of the sample with an absorption layer was also measured after
chemical etching for different etching times, for matching the
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Figure 7. The measured reflectivity spectrum of the samples
(a) without and (b) with an absorption layer.

cavity wavelength to 850 nm. Unlike the reflection spectrum
shown in figure 7(a) (from the sample without an absorption
layer), for the as-grown sample with an absorption layer, the
dip in the reflection spectrum, or the highest absorption, occurs
at about 870 nm (the solid line in figure 7(b)). This is because
of the top n+ layer. However, after a 15–20 s chemical etch in a
solution of H3PO4:H2O2:H2O (3:1:50), the dip shifted to about
850 nm as designed (the two dashed lines in figure 7(b)).

After the above etching test, the MSMPD devices were
fabricated. The MSMPDs were processed by a conventional
method, consisting of three main steps: finger metallization,
dielectric passivation and isolation, and pad formation. The
surface n+ layer not covered by the metal electrodes was etched
away as described above using the finger metal as the mask.
The Schottky metal used was Ti/Pt/Au, with a thickness
of 30 nm/30 nm/100 nm. After both anode and cathode
finger electrodes were formed, a surface passivation layer of
300 nm (half-wavelength of 850 nm) silicon oxide (SiOx) was
deposited using plasma-enhanced chemical vapour deposition
(PECVD). A schematic diagram of the processed devices is
shown in figure 8. In the finished devices, the finger spacing
and width were both 6 µm, and the active area was 150 ×
150 µm2. For comparison, we have also processed a sample
with the top n+ layer removed to see the effect of the n+ layer
on the dark current.
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Figure 8. A schematic diagram of the structure of the processed
MSMPDs.
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Figure 10. The measured responsivity spectrum of the MSMPD.

4. Result and discussion

The dark current characteristics of the devices were measured
with an HP4145 semiconductor parameter analyser on a probe
station. As shown in figure 9, the dark current of the devices is
about 105 pA at a bias of 5 V. Compared with the dark current
of the devices without the n+ layer, the reduction of the dark
current was over three orders of magnitude. The dark current
density of the MSMPDs was about 4.5 × 10−7 A cm−2. To our
knowledge, this is the lowest dark current density for GaAs
MSMPDs reported so far.

After this, the responsivity of the devices was measured by
a conventional lock-in method. Figure 10 shows the measured
responsivity spectrum at a bias of 5 V. From the figure, we can
see that the peak wavelength of the device is about 848 nm,
which is in good agreement with the reflectivity result shown in
figure 7(b). The responsivity at 850 nm and the corresponding
external quantum efficiency (ηext) are about 0.34 A W−1 and
48%, respectively. Because half of the incident light was
blocked by the metal fingers, the ηext of 48% means that the
incident light through the spacing of the fingers was almost
totally converted into the photocurrent.

5. Conclusion

In this work, GaAs MSMPDs with low dark currents and high
responsivities at 850 nm have been designed and fabricated
successfully. Using a Schottky contact modified with a
15 nm, 2 × 1018 cm−3 n+-doped surface layer, the dark
current of MSMPDs can be suppressed by over three orders of
magnitude compared with those of conventional ones. The
dark current density of the devices was as low as 4.5 ×
10−7 cm−2, which is the lowest dark current density for
GaAs MSMPDs in reported results. Furthermore, to enhance
the responsivity of the MSMPDs, we designed a RCE
structure with a SL-DBR. In the designed RCE structure,
the conditions of sample growth and device processing were
considered carefully, making the device processing simple and
reproducible. We consistently obtained fabricated devices
with a responsivity of about 0.34 A W−1 at 850 nm. The
equivalent external quantum efficiency of the devices was
about 48%, which means almost all incident light through
the spacing of the metal fingers was absorbed. Because
of the relatively thin absorption layer, a good high-speed
performance in the devices is expected.
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