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Abstract—The interdigitated germanium (Ge) metal-
semiconductor-metal (MSM) photodetectors (PDs) 
with and without an SiO2 anti-reflection (AR) layer 
was fabricated, and the effect of SiO2 AR layer on 
their optoelectronic response properties were 
investigated in detail. The lowest reflectance of 15.6% 
at the wavelength of 1550 nm was obtained with a 
SiO2 AR layer with a thickness of 260 nm, which was 
in a good agreement with theoretically calculated film 
thickness for minimizing the reflection of Ge surface. 
The Ge MSM PD with 260 nm-thick SiO2 AR layer 
exhibited enhanced device performance with the 
maximum values of responsivity of 0.65 A/W, the 
quantum efficiency of 52.2%, and the detectivity of 
2.49 × 109 cm Hz0.5W-1 under the light illumination 
with a wavelength of 1550 nm. Moreover, time-
dependent switching analysis of Ge MSM PD with 
260 nm- thick SiO2 AR layer showed highest on/off 
ratio with excellent stability and reproducibility. All 
this investigation implies that 260 nm-thick SiO2 AR 
layer, which is effective in the reduction in the 
reflection of Ge surface, has a great potential for Ge 

based optoelectronic devices.    
 
Index Terms—Ge, SiO2, anti-reflection layer, MSM 
photodetector, responsivity    

I. INTRODUCTION 

Photodetectors (PDs) operating in the infrared region 
are important devices that can be used in a wide range of 
applications such as fiber-optic communication, thermal 
imaging, monitoring systems, astronomy, defense, and 
security. Semiconductor-based infrared PDs generally 
use narrow bandgap semiconductor materials such as 
PbS, InSb, CdZnTe, and InGaAs [1]. Recently, 
germanium (Ge) has been identified as the most 
promising material for infrared detection due to its high 
carrier mobility, low cost, large absorption coefficient, 
and compatibility with Si technology [2-4]. Therefore, 
different types of Ge-based PDs such as p-i-n PDs, 
Schottky barrier PDs, and metal-semiconductor-metal 
(MSM) PDs have been investigated [5-7]. Among the 
various structures, MSM-type PDs have become 
increasingly popular because of their fast response speed, 
ease of fabrication, and integration capability [8-10]. In 
general, MSM PDs are comprised of two back-to-back 
Schottky diodes fabricated using an interdigitated 
electrode configuration on top of an active light 
collection region. Light reaching the area between the 
interdigitated electrodes is absorbed and produces 
electron-hole pairs, which are collected on interdigitated 
electrodes. A major problem of using Ge in MSM 



484 MUNKHSAIKHAN ZUMUUKHOROL et al : EFFECT OF A SIO2 ANTI-REFLECTION LAYER ON THE OPTOELECTRONIC … 

 

photodiodes is the reflection of light. Ge has a high index 
of refraction (n = 4) and hence, the Ge surface reflects 
more than 35% to 50% of the incident light [11-13]. As a 
result, the reduction of surface reflectance is essential to 
increase the performance of Ge-based infrared PDs. It is 
well known that an optimized anti-reflection (AR) 
coating to prevent large losses of incident light due to 
surface reflection (more than 25%) [14]. Previously, 
various AR layers such as SiO2 [8], SiO [11], SiO2-SiN 
[14], SiO2-TiO2 [15], PMMA [16], and ZnO-SiO2 [17] 
were employed to improve the performance of infrared 
range PDs. Among them, SiO2 has been considered as a 
superior AR material for the Ge-based PDs because of its 
good passivation, scratch resistance, and chemically 
stability [8, 18-20]. For instance, Oh et al. demonstrated 
that a 224 nm-thick SiO2 film as an AR layer effectively 
reduced the reflection loss of a Ge MSM PD fabricated 
on hetero-epitaxial Ge-on-Si with amorphous Ge 
Schottky barrier enhancement layers, where a 39% 
reflection loss was reduced to 12% [8]. However, the 
attempts to investigate the effects of SiO2 AR layer on 
the detailed optoelectronic properties of Ge MSM PDs 
are limited. Moreover, the quantitative evaluation of the 
improved device performance of Ge MSM PDs caused 
by SiO2 AR layer having different thicknesses is 
insufficient for their practical applications. In this work, 
we fabricated Ge MSM PDs with and without SiO2 AR 
coating and investigated the effects of the SiO2 AR layer 
on their device performance. It will be shown that the 
optimization of process condition of SiO2 AR layer for 
minimizing reflectance loss of Ge surface is essential to 
realize high performance of Ge MSM PDs. 

II. EXPERIMENT 

Fig. 1 shows the schematic and corresponding optical 
microscope image of a manufactured Ge MSM PD. The 
intrinsic Ge (100) wafer with a thickness of ~500 µm and 
resistivity of > 40 Ω×cm was used as a starting material. 
After removing native oxide using a buffered oxide etch 
(BOE), the interdigitated Pt finger electrode having the 
width of 20 μm, spacing of 20 μm, and the length of 200 
μm was formed in in the active absorption region of 350 
× 210 µm2 by means of sputtering Pt films with a 
thickness of 50 nm, followed by a lift-off lithography. No 
post-metal annealing was carried out to avoid inter-

diffusion between Ge and Pt. The SiO2 films as AR layer 
were deposited at room temperature using a plasma 
enhanced chemical vapor deposition (PECVD) system 
and was patterned to cover the active area of the device. 
Thickness of the SiO2 films varied from 200 nm to 500 
nm, which was determined by using a spectroscopic 
ellipsometer (MG 1000-UV). The reflectance of the Ge 
substrate with and without SiO2 AR layers was measured 
using a spectrophotometer (JASCO V-570). The current-
voltage (I-V) characteristics were measured using a 
semiconductor parameter analyzer (Agilent 4155A). The 
infrared detection of the PDs was measured using a TSL-
210 tunable semiconductor laser source in the 
wavelength range of 1530 ~1605 nm. The infrared lights 
were directed onto the on devices using a multi-mode 
fiber with a 50 μm core diameter and light-wave probe 
arrangement. The devices were electrically contacted 
using a microwave probe and the I-V characteristics were 
then measured as a function of the applied bias and the 
wavelength of the incident light source.  

III. RESULTS AND DISCUSSION  

In general, the optimized thickness of AR layer for 
minimizing surface reflectance at a specific wavelength 
can be extracted using the following equation [18]:  
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where d is the AR layer thickness, λ is the wavelength, 
and n is the refractive index, which is 1.45 for SiO2 in the 
infrared range [21]. Based on Eq. (1), the optimum 
thickness for the minimization of reflectance of SiO2 was 
calculated to be 267.2 nm at a wavelength of 1550 nm. 
This was confirmed by the reflectance spectra taken from 

 

Fig. 1. (a) Schematic diagram, (b) optical image of the Ge 
MSM PD with a SiO2 AR layer. 
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the Ge substrates with and without SiO2 AR layers 
having different thickness as a function of wavelength in 
the range of 800 ~ 2000 nm, as shown in Fig. 2. For Ge 
substrate without SiO2 AR layer, the reflectance was 
measured to be 42.1% at a wavelength of 1550 nm. 
However, the reflectance of Ge was reduced from 42.1% 
to 40.6, 26.7, 17.7, 15.6, and 20.9% with 500, 400, 300, 
260, and 200 nm-thick SiO2 AR layers, respectively. 
Namely, as predicted from Eq. (1), the introduction of 
SiO2 AR layer with a thickness of 260 nm resulted in the 
minimizing the reflection of Ge surface. 

To investigate the SiO2 AR layer effect on the 
optoelectronic performance of the Ge MSM PDs, a series 
of photoelectric measurements were performed at room 
temperature. Fig. 3(a) and (b) shows the dark and photo 
I-V characteristics measured under 11 mW optical light 
illumination with a wavelength of 1550 nm for Ge MSM 
PDs with and without SiO2 AR layers, respectively. The 
dark and photo currents were normalized by finger width. 
Due to the presence of two Schottky contacts connected 
back-to-back in Ge MSM PDs, the symmetric dark and 
photo I-V characteristics were observed for all devices. 
Irrespective of the presence of SiO2 AR layer, the photo 
current was much higher than the dark current, implying 
the effective photodetection of the manufactured PDs. 
The operation mechanism of Ge MSM PD can be 
understood qualitatively by plotting the energy band 
diagram. Schematics of the energy band diagrams under 
thermal equilibrium and illumination conditions are 
shown in Fig. 4. Due to the difference between work 
function (ФPt) of Pt and electron affinity (χGe) of Ge, two 
identical Schottky barriers are established at the Pt and 

Ge interface in thermal equilibrium condition. When IR 
light impinges on the active region of MSM PD, 
electron-hole pairs are created. If a bias voltage is 
applied across the Pt electrodes, then one set of the 
electrodes acts as cathode and the other as anode. The 
effective electric field in the depletion region sweeps the 
photo-generated electrons towards the positively biased 
Pt electrode while the holes drift towards the opposite 
electrode which is reversely biased, resulting in the 
considerable generation of photocurrent. It should be 
noted that all devices exhibited almost identical dark I-V 
characteristics, as shown in the inset of Fig. 3. This 
implies that the degradation of Pt/Ge Schottky contact 
caused by the process of PECVD deposition for forming 
SiO2 AR layer was negligible. For Ge MSM PD without 
a SiO2 AR layer, the photo current was measured to be 
5.53 mA at - 0.5 V. For Ge MSM PD with 260 nm-thick 
and 500 nm-thick SiO2 AR layer, the photo currents were 
measured to be 7.27 mA and 5.87 mA at -0.5 V, 
respectively. In other words, Ge MSM PDs with SiO2 AR 
layers had a higher photo current, compared to the Ge 

 

Fig. 2. Plots of reflectance taken from the Ge substrates with 
and without SiO2 AR layers having different thickness as a 
function of wavelength in the range of 800 ~ 2000 nm. 
 

 

Fig. 3. (a) Dark, (b) photo I-V characteristics of Ge MSM PDs 
with and without SiO2 AR layers. The dark and photo currents 
were normalized by finger width. 
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MSM PD without SiO2 AR layer over the entire biasing 
range. Moreover, the photo current of the Ge MSM PD 
with a 260 nm-thick SiO2 AR layer was higher that with 
500 nm-thick SiO2 AR layer. Such an increase in photo 
current of Ge MSM PD with SiO2 AR layer could be the 
reduction of reflection losses, as shown in Fig. 2. 
Additionally, for all devices, the current increases rapidly 
with increasing bias voltage up to - 0.3 V, which could be 
attributed in part to the incomplete formation of 
depletion region and to the loss of photo-generated 
carriers at a low electric field [22]. After this rapid 
increase of current, a reasonable flat saturation current 
was observed that increased slowly with increasing bias 
voltage. This soft rise could be associated with the 
increase of the depletion region [23]. Namely, the 
influence of SiO2 AR layers on carrier conduction 
mechanism of Ge MSM PDs was insignificant. 

Fig. 5 exhibits the responsivity, quantum efficiency, 
and specific detectivity characteristics of Ge MSM PDs 
without and with SiO2 AR layers having different 
thickness as a function of spectral wavelength ranging 
from 1530 nm to 1605 nm. The responsivity (R), which is 
a measure of the electrical response to light, can be 
extracted using the following equation [24]: 
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where Iphoto and Idark are the photo current and dark 
current, respectively, and Popt is the incident optical 
power. The quantum efficiency (η), which reflects the PD 
sensitivity to incident light, can be estimated by [25]: 
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where h is Plank’s constant, λ is the incident wavelength, 
c is the speed of light, and q is the elementary charge. 
The specific detectivity is a figure of merit for Ge MSM 
PDs used to determine how weak the light signal can be 
distinguished from the noise. Through considering that 
shot noise from dark current is the major contributor to 
the total noise, specific detectivity (D*) can be expressed 
by the following equation [26]:  
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Fig. 4. Energy band diagrams of the Ge MSM PD under (a) 
thermal equilibrium, (b) illumination conditions. Evac and ФB
are the vacuum level and Schottky barrier height, respectively. 
EC, EV, and EF correspond to the conduction band, valence 
band, Fermi-level of Ge, respectively.* 

 

 

 

Fig. 5. Plots of (a) responsivity, quantum efficiency, (b) 
detectivity measured from the Ge MSM PDs with and without 
SiO2 AR layer as a function of spectral wavelength ranging 
from 1530 nm to 1605 nm. 
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where A is the active area of the PD, R is the responsivity, 
q is the elementary charge, and Id is the dark current, 
which is measured at a reserve bias of -0.5 V in this work. 
As shown in Fig. 5, responsivity, quantum efficiency, and 
specific detectivity measured from all devices reasonably 
remained unchangeable when increasing wavelength up 
to 1550 nm. However, these values gradually decreased 
at wavelengths larger than 1550 nm. This could be 
associated with the gradual reduction of the absorption 
coefficient of Ge at longer wavelength, which is near the 
indirect bandgap edge of Ge [27]. For Ge MSM PD 
without SiO2 AR layer, the responsivity, quantum 
efficiency, and detectivity measured at the wavelength of 
1550 nm were estimated to be 0.49 A/W, 39.3%, and 
1.94 × 109 cm Hz1/2W-1, respectively. It is clear that the 
employment of SiO2 AR layer led to the improvement of 
the responsivity, quantum efficiency, and specific 
detectivity of Ge MSM PD. For instance, the values of 
the responsivity, quantum efficiency, and specific 
detectivity at wavelength of 1550 nm measured from Ge 
MSM PD with 500 nm-thick SiO2 AR layer were 
extracted to be 0.52 A/W, 41.9%, and 2.05 × 109 cm 
Hz1/2W-1, respectively. Moreover, these values further 
increased to 0.65 A/W, 52.2%, and 2.49 × 109 cm Hz1/2W-

1 for the Ge MSM PD with 260 nm-thick SiO2 AR layer. 
All of these characteristics clearly revealed that the 
reduction of reflectance loss of Ge surface caused by 
SiO2 AR layer enhanced the optoelectronic performance 
of Ge MSM PDs including responsivity, quantum 
efficiency, and specific detectivity in the full wavelength 
range. 

In order to evaluate the switching performance of Ge 
MSM PDs with and without SiO2 AR layers, the time-
dependent I-V characteristics were measured at a bias of - 
0.5 V under alternative on/off light illumination with the 
wavelength of 1550 nm is shown in Fig. 6. All devices 
showed a similar switching behavior under multiple 
on/off cycles of light illumination. Namely, upon tuning 
on the light illumination, the current rapidly increased to 
a stable level, and then abruptly decreased to its initial 
level, when light was switched off. Such a fast photo 
response of manufactured devices could be associated 
with current conduction in Schottky contact driven by 
majority carrier [28]. Furthermore, the magnitudes of 
photo and dark currents in every on/off cycle of the light 
illumination were steady and repeatable, indicating the 

consistency of switching performance of devices 
manufactured here. Consistent with dark and photo I-V 
characteristics shown in Fig. 3, all Ge MSM PDs 
exhibited almost identical current level (~ 0.08 mA) in 
the absence of light illumination. On the other hand, the 
employment of SiO2 AR layer led to an increase in the 
magnitude of photocurrent in every light-on condition. 
The on/off ratio of Ge MSM PD without SiO2 AR layer, 
calculated from the ratio of the current with and without 
light illumination, was found to be 69, and those of Ge 
MSM PDs with 500 nm-thick and 260 nm-thick and SiO2 
AR layers were 74 and 91, respectively. Namely, the use 
of 260 nm-thick SiO2 AR layer resulted in minimizing 
the reflection of Ge surface, leading to the enhancement 
of switching performance of Ge MSM PD. 

IV. CONCLUSIONS 

The SiO2 AR layer was employed to improve the 
optoelectronic performance of Ge MSM PDs. It was 
found that 260 nm-thick SiO2 AR layer resulted in a 
significant reduction of the reflectance of the Ge surface 
from 42.1% to 15.6% at a wavelength of 1550 nm. Ge 
MSM PDs with and without SiO2 AR layer showed 
almost identical dark current, while the photo current of 
Ge MSM PDs with SiO2 AR layers were higher than that 
without SiO2 AR layer. In particular, Ge MSM PD with 
260 nm-thick SiO2 AR layer exhibited higher values of 
responsivity, quantum efficiency, and detectivity than the 
Ge MSM PDs with and without 500 nm-thick SiO2 AR 
layer. Moreover, the time-dependent I-V characteristics 
measured under alternative on/off light illumination 

 

Fig. 6. Time-dependent normalized switching behavior of the 
Ge MSM PDs with and without SiO2 AR layer.  
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revealed that Ge MSM PD with 260 nm-thick SiO2 AR 
layer had excellent switching behavior with higher on/off 
ratio, as compared to other PDs. Such an enhanced 
performance of Ge MSM PD with 260 nm-thick SiO2 AR 
layer could be associated with the minimization of 
reflectance loss of Ge surface caused by SiO2 AR layer. 
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