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 
Abstract—Recently, high-performance GeSn photodiodes with 

external light illuminated on the device top surface have been 
demonstrated on various platforms. However, for image sensing 
systems with a focal-plane array (FPA), the front-illuminated 
sensors usually suffer from area limitations. Here, we report high-
performance back-illuminated Ge0.92Sn0.08/Ge multiple-quantum-
well (MQW) p-i-n photodiode on 300-mm silicon substrate, which 
was realized entirely by complementary metal-oxide-
semiconductor (CMOS) compatible processes. A broadband photo 
response between 1,000-2,200 nm was observed, and the 
responsivity is 0.2850 and 0.0085A/W at 1,550 and 2,000 nm, 
respectively. A specific detectivity larger than 109 cm∙Hz1/2/W was 
achieved between 1,050 and 1,900 nm, covering all the 
conventional telecommunication bands (O to U band). 
Furthermore, the influence of the anti-reflective layers also was 
studied in detail. The result shows the black Si surface enhances 
more photo current between 1,000-1,500 nm while the SiO2 layer 
(400-nm-thickness) increases more current beyond 1,500 nm. The 
3-dB bandwidth was calculated to be up to 8 GHz for a mesa with 
a diameter of 20 μm at -2 V. Our experiments demonstrated the 
high-detectivity and high-speed back-illuminated GeSn/Ge MQW 
photodiode with the potential applications in image sensing 
systems operated in the short-wave infrared (SWIR) range. 

Index Terms—silicon photonics, Infrared detectors, 
Germanium tin, Black silicon.  
 

I. INTRODUCTION 

ESN alloy has drawn much attention recently due to 
its enhanced carrier mobility, tunable bandgap width, and 
compatibility with the CMOS processes. GeSn technology 

has been used to create a plethora of optoelectronic 
components, ranging from passive devices (multiplexer, 
waveguide, etc.) to active devices (detector, LED, laser, etc.) 
[1-6]. Hence, GeSn is a promising group-IV material for 
infrared imaging sensors by monolithically integrating CMOS 
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read-out circuits with GeSn detectors. Recently, high-
performance GeSn photodiodes with external light illuminated 
on the device top surface (front-illuminated) have been 
demonstrated on Si, Ge, and Si-on-insulator platforms [7-12]. 
However, for image sensing systems with a FPA, the front-
illuminated sensors usually suffer from area limitations due to 
the co-located electronic circuits for signal processing. Besides, 
the metal contacts reduce the effective open area and reflect the 
incoming light. Thus, for imaging/sensing, the high-
performance back-illuminated photodetectors (PDs) with the 
light signal illuminated on the device’s backside are required. 
Yet, there are only a few reports on back-illuminated GeSn 
photodiodes [13-15]. The previous back-illuminated GeSn 
photodiodes from Richard et al. show one order of magnitude 
less responsivity than the front-illuminated device and/or with 
a narrow spectra response between 1,600 and 1,900 nm due to 
the absorption from the Ge substrate and its simplified structure 
design [13, 14].  

Thus, back-illuminated GeSn PD on Ge substrate needs to 
be back-thinned to a thickness of only a few microns or 
hundreds of nanometers to reduce absorption losses between 
1,100-1,600 nm. To overcome this drawback, Si substrates are 
used for SWIR PDs, which are transparent in the infrared range. 
Additionally, Si substrates have the following advantages over 
Ge substrates for short- SWIR PDs: 1) The mature Si 
microelectronics technology is beneficial to the realization of 
FPA circuits; 2) Si is one of the most commonly used substrates 
for growing the high-quality GeSn layer [16-18]; 3) As 
demonstrated by reported backside Ge PDs, it is easy to use 
black Si technology to enhance the quantum efficiency of PDs 
due to the enhancement of light absorption by black Si [19, 20]. 

In this work, we report the backside-illuminated GeSn/Ge 
MQW p-i-n photodiodes which were grown on the Si substrate. 
The dark current density (Jdark) is as low as ~ 43.2 mA/cm2 for 
a reserve bias at -1 V. A broadband photo-response between 
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1,000 and 2,200 nm was observed with the responsivity of 
0.2850 and 0.0085 A/W at 1,550 and 2,000 nm, respectively. 
The PDs have a high specific detectivity of > 109 cm∙Hz1/2/W 
between 1,200 and 1,900 nm, with the detectivity of 7.8*109 
cm∙Hz1/2/W at 1550 nm. A novel black Si method also is 
introduced to enhance light absorption. This study demonstrates 
the feasibility of the back-illuminated GeSn-based PD for the 
SWIR image sensing systems. 
  

II. DEVICE DESIGN AND MEASUREMENT 

The GeSn/Ge MQW sample was grown on a double-sided 
polished Si substrate (300 mm) using an industry-standard 
reduced pressure chemical vapor deposition (RPCVD) system 
with GeH4 and SnCl4 as Ge and Sn precursors, respectively. For 
the initial growth stage, a ~1,500 nm of strain-relaxed Ge buffer 
layer was grown to confine the defects near the interface of 
Ge/Si. In-situ doping was used to develop the p-type (boron as 
dopant) and n-type (arsenic as the dopant) Ge contact layers. 
Between these two contact layers, the 15 periods of intrinsic 
GeSn/Ge MQW with 7.5 nm of Ge0.92Sn0.08 well layer and 20 
nm of Ge barrier layer was grown. Fig. 1(a) shows the typical 
symmetric XRD ω-2θ scan of the MQW from the (004) plane. 
Satellite peaks are observed clearly, indicating the high 
crystalline quality and uniform thickness of the MQW. The 
asymmetric (224) reciprocal spacing mapping (RSM) in 
Fig.1(b) shows the GeSn layers are fully strained in the MQW 
structure as the GeSn and Ge peaks have the same reciprocal 
lattice vector along the Qx direction. 

 

 
Fig. 1. (a) XRD (004) ω-2θ scan and (b) asymmetric 

(224) RSM of the GeSn/Ge MQW photodiode.  

 

 
Fig. 2. (a) schematic diagram and (b) optical microscope image 
of the back-illuminated GeSn/Ge MQW photodiode with wire 
bonding. 
 

Fig. 2(a) shows the schematic diagram of the back-
illuminated GeSn/Ge MQW PD with bonding wires for 

subsequent electrical measurement. This sample has circular 
mesas made by standard photolithography and chlorine-based 
reactive ion etching (RIE). Firstly, circular mesa regions were 
patterned, followed by the metal mirror (Ti/TiN/Al, 20/50/300 
nm) sputtering. Subsequently, the top mesas were formed to 
expose the p-Ge region by the RIE process using the metal 
mirror as the hard mask. A second RIE process was performed 
to form the bottom mesa to make the electrical isolation 
between each device. After creating the double-mesa structure, 
plasma-enhanced chemical vapor deposition (PECVD) was 
used to deposit a 400 nm passivation SiO2 layer. Finally, 
electrode pads were deposited with 20/50/300 nm of Ti/TiN/Al. 
As a reference, the front-illuminated PD was fabricated on the   
same MQW epitaxial wafer as well. To study the effect of the 
anti-reflective layers, SiO2 layer and black Si structure was 
designed and deposited on the backside of the polished Si 
surface. This SiO2 anti-reflective layer was deposited by 
PECVD with a thickness of ~400 nm. The black Si consisting 
of high-density nanowires is fabricated by RIE etching of Si. 
As shown in Fig.2(b), the optical microscope image shows the 
back-illuminated PD with bonding wires. For the electrical and 
light response measurements of the back-illuminated GeSn PD, 
gold wire bonding was used to connect the electrode pads from 
the chip to the plastic chip carrier with two gold-covered 
conductors. A hole was made in the chip carrier directly below 
the device under test to allow the light to propagate into the 
sample from the backside. The fiber lasers (Tunable 1,500-
1,630 nm, Tunable 1,000-2,400 nm, 2,000 nm laser), connected 
to the Keithley 2450 semiconductor parameter analyzer, were 
used to measure the current-voltage characteristic of the MQW 
p-i-n PDs. 

III. RESULTS AND DISCUSSION 

A. Dark current analysis 

The dark current of the back-illuminated PDs was 
measured with the mesa diameter between 60 and 250 µm from 
-1 to 1 V (Fig. 3(a)). For the device diameter of 60 µm, the dark 
current is 2.08 µA at -1 V, among the lowest of other published 
GeSn PDs. The high on/off ratio of ~104 under 1 V 
demonstrates the photodiode’s excellent rectifying behavior. 
The 250 µm device has the lowest dark current density (Jdark) of 
~43.2 mA/cm2, which is comparable with that of the reported 
group-IV photodiodes[7, 21, 22]. This low Jdark is mainly due 
to the low bulk leakage current densities (Jbulk) from the 
pseudomorphic MQW layers which have a low-density 
dislocations. The Jdark consists of surface leakage current 
densities (Jsurf) and Jbulk, which is expressed as:

4
dark bulk surfJ J J

D
  . According to this equation, the Jdark at a 

given reverse bias is linear to 4/D. After substituting the value 
of Jdark and its corresponding D, the Jsurf and Jbulk can be 
calculated from linear interpolation in the scatter plot, which are 
35.8 and 54.0 µA/cm, respectively (Fig. 3(b)). The inset in Fig. 
3(b) shows the percentages of surface leakage with different 
mesa diameter. The increased Jsurf with the decreasing of the 
mesa diameter is attributed to the increase of the perimeter-to-
area ratio. The dark current could be further reduced after 
optimizing the processes, such as more effective passivation 
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treatment using amorphous Si or GeO2 as the passivation layer 
[23-25].  

The dark current of the back-illuminated GeSn PD was 
further analyzed using the diode current formula:  

𝐼 = 𝐼଴𝑒𝑥𝑝 ቂ
௤(௏ିோೞூ೙೐೟)

௡௄்
ቃ +

௏

ோೄ೓
      (1)                  

where I0, RS, RSh, and Inet is the reverse saturation current, series 
resistance, shunt resistance, and net current flow. Inet can be 
calculated by the formula of  𝐼௡௘௧ =  𝐼 − 𝑉/𝑅ௌ௛. By dV/dI, the 
shunt resistance can be calculated near 0V. The shunt 
resistances of the back-illuminated GeSn PD is 30 kΩ for mesa 
diameter of 250 μm. Inet is obtained by substituting the shunt 
resistance into the above equation. Using the transformed 
expression: d𝑉/d𝐼௡௘௧=(nkT/q) 𝐼௡௘௧

ିଵ +RS, the series resistance is 
obtained, as shown in Fig. 3c. The series resistance is as low as 
10.73 Ω. The high shunt resistance and low series resistance are 
beneficial to the high specific detectivity and 3-dB bandwidth 
of the back-illuminated PD, which will be discussed in part D 
and E. 

  

 

Fig. 3 (a) Current–voltage curve of back-illuminated GeSn/Ge 
MQW photodiodes with different mesa diameters in a dark 
environment. (b) The Jdark-4/D characteristic at −1 V. Inset (b) 
shows the surface leakage percentages with varying mesa 
diameters. (c) Linear interpolation of Inet-1 versus dV/dInet for 
the back-illuminated GeSn photodiode. 

 

B. Photo current analysis

 
Fig. 4. (a) and (b) Current–voltage curve of the back-
illuminated GeSn/Ge MQW photodiodes under 1,550 and 2,000 
nm laser with varying optical power. Inset shows the 
photocurrent as a function of the optical power. 

 
The steady-state photocurrent of the back-illuminated 

GeSn/Ge MQW devices without an anti-reflective layer was 
measured for the mesa size of 250 µm. Fig. 4(a) and (b) show 

the back-illuminated photodiode current-voltage characteristics 
under 1,550 and 2,000 nm laser with varying optical power. 
Two optical fiber lasers (2,000 nm, Thorlabs-FPL2000; tunable 
1,500-1,630 nm, T100S-HP) were used, and the propagation 
and coupling loss is calibrated by the standard power meter 
beforehand. As shown in Fig. 4(a), the photocurrent increases, 
and no current saturation is observed when the laser power 
increases from 0.73 to 8.89 mW (1,550 nm). Furthermore, the 
photo current curves are completely flat from -1 to 0 V, 
indicating the efficient collection of the photocarriers occur. By 
linear interpolation between optical power and photocurrent, 
the back-illuminated GeSn photodiode has a relatively high 
responsivity ~ 0.236 A/W at 1,550 nm (inset Fig. 4(a)). 
Similarly, the photodiode's optical response was measured and 
extrapolated at 2,000 nm, shown in Fig. 4(b). At 2,000 nm, the 
back-illuminated device has the extracted responsivity of about 
0.0058 A/W. The photo current analysis demonstrates that the 
back-illuminated GeSn/Ge MQW PD has the photodetection 
capability from 1,550 to 2,000 nm. 
 

C. Effect of anti-reflective layer 

 
Fig. 5. Photocurrents of the GeSn/Ge MQW photodiodes 
(Front-side, back-side with and without the SiO2 anti-reflective 
layer) at a reverse voltage of 1 V under the illumination at (a) 
1,550 nm and (b) 2,000 nm wavelength. FDTD reflectivity 
simulation of (c) the front- and (d) back-illuminated PDs with 
or without SiO2 anti-reflective layer. 

 
Fig.5(a) and (b) show the comparison of photocurrents 

between the back-illuminated PDs (blue line) and front-
illuminated PDs (black line) at different power intensities at 
1,550 and 2,000 nm, respectively. The responsivity of the back-
illuminated PDs is 64.7% and 66.7% of the front-illuminated 
PDs at 1,550 and 2,000 nm. In contrast to the front-illuminated 
devices, no SiO2 anti-reflection layers were deposited on the 
light incident window of the back-illuminated PDs. As shown 
in Fig.5(c), the finite-difference time-domain (FDTD) 
simulation indicates that the reflectivity decreases from 
0.38(0.37) to 0.27 (0.13) at 1,550 (2,000) nm after depositing a 
400 nm SiO2 on the Ge layer for the front-illuminated device. 
Thus, an absorption enhancement of 17-38% could be 
speculated in the wavelength range of 1550-2000 nm after 
depositing SiO2 layer on the front-illuminated device. For the 
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back-illuminated photodiodes, a 400 nm SiO2 layer was 
deposited on the Si after front side processing. The red lines in 
Fig.5(a) and (b) shows the responsivity increased to 
0.285(0.0087) A/W at 1,550 (2,000) nm. The 21% (47%) 
enhancement of responsivity at 1,550 (2,000) nm is consist to 
the 17% (31%) absorption enhancement calculated by the 
FDTD simulation (Fig.5 (d)). Though the responsivity of the 
back-illuminated PDs at 2,000 nm is equal to that of the front-
illuminated PDs, an obvious difference in the responsivities 
between back- and front-illuminated PD at 1,550 nm was 
observed (0.285 A/W versus 0.365A/W). This is due to the high 
absorption of the thick Ge buffer layer at 1,550 nm. By 
substituting the absorption coefficient of the Ge (α, 3,241 cm-1 
at 1,550 nm) and the thickness of the Ge buffer layer (z, ~1,500 
nm) to the equation: A(z)=1-exp(-αz), the absorption of the Ge 
buffer layer at 1,550 nm is ~0.39. The absorption coefficient 
was obtained from an ellipsometer data of the as-grown Ge-on-
Si sample, grown by RPCVD with similar growth conditions. 
This means an additional 39% light can be absorbed in the 
MQW at 1,550 nm and contributes to the photocurrent of the 
PDs.  

Furthermore, besides the SiO2 layer, micro-and nano-
structures, such as polarizers, diffraction gratings, antireflection 
structures, or plasmonic structures can be utilized on the 
backside to improve the light absorption and quantum 
efficiency of the PD [19]. One approach is to use stochastic 
wire-like structures, called black Si. The advantage of black Si 
over other microstructures is the easy fabrication without 
requiring lithographic technology and low cost [26, 27]. A 
boosted responsivity has been demonstrated for the back-
illuminated Ge on Si photodiodes using the black Si [20]. 

 

Fig. 6. (a) 3-D schematic of the black Si GeSn/Ge MQW 
photodiode. (b) SEM image of the nanowire structured black Si 
fabricated via RIE. The inserted shows the photograph of the 
black Si. 

Fig.6(a) shows the 3-D schematic of the GeSn/Ge MQW 
photodiode with nanowire-structured black Si on the black side. 
The black Si surface was achieved after front side processing 
from a novel RIE etching. For this etching, the device with the 
Si surface was upside placed on an 8-inch Si carrier which was 
covered with a 10 nm gold layer deposited by electron beam 
evaporation. Then, the surface with the nanowires was achieved 
by RIE etching using Cl2 plasma gas for 3 minutes. An RF 
power of 200W, a chamber pressure of 20 mT, and a Cl2 flow 
of 50 sccm were utilized. During the etching process, the 
reactive Cl-based species will react with the Si to form a volatile 
SiCl4 product which was desorbed from the substrate surface. 
Meanwhile, the high ion energy Cl-based species will 

physically bombard the gold surface, resulting in the deposition 
of gold particles on the Si surface. Due to the shielding effect 
of gold, the nanowire structure was formed during the 
continued etching process of Si. We found that this method is 
efficient, wafer-scale, and can be used to form black germanium 
as well. The details will be published elsewhere. Fig. 6(b) 
shows the SEM images of the black Si after the RIE etching. 
High density, stochastic Si nanowires are perpendicular to the 
substrate. The inserted photograph shows the black color of the 
substrate indicating no obvious light reflection. 
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Fig. 7. Reflection spectra of GeSn/Ge MQW epitaxial samples 
in the wavelength range of 1,000 to 2,000 nm. The light is 
incident on the back-side (Si-side) and a 20/50/300 nm 
Ti/TiN/Al was deposited on the front-side (Ge-side).  

 

Fig. 7 shows the reflection spectra of GeSn/Ge MQW 
epitaxial sample with/without anti-reflective layer (SiO2 and 
black Si) with the incident light from the backside in the 
wavelength range of 1,000 to 2,000 nm. As the spot area of the 
spectrophotometer (LAMBDA 950) is above 0.5*0.5 cm2, the 
choose samples are epilayers, not fabricated devices. The front 
surfaces of the three samples are covered with the reflective 
mirror (20/50/300 nm Ti/TiN/Al). Resonance peaks were 
observed in these reflection spectra due to the cavity structure 
between metal-Ge and Ge-Si interfaces. It can be observed that 
the sample with the SiO2 layer or black Si (red and green line) 
reflects less light in the whole waveband than that of the regular 
sample (blue line)). Obviously, the black Si sample reflects less 
light at a shorter wavelength (1,000-1,550nm). The shorter 
wavelength, the greater difference between the regular samples 
was observed. For the nanostructured surface, the broadband 
antireflection only happens when the height of the 
nanostructure is > 0.4λ (λ, wavelength) and the domain spacing 
is < λ/2ns (ns, refractive index of the substrate)[28]. Thus, the 
increase of the reflection of the black Si after 1500 nm should 
be due to the NW's shortness (<1,000 nm). On the contrary, the 
SiO2 layer mainly reduces the reflectivity longer than 1400 nm, 
as proved by the FDTD simulations above. 

As shown in Fig. 8, the curves show the optical responsivity 
spectra of the front- (black line) and back-illuminated GeSn/Ge 
MQW photodiodes (blue, red, and green line for regular, SiO2-
, black-Si- covered devices, respectively) at -1 V from 1,000 to 
2,100 nm wavelength. This measurement was achieved by 
combining a high-power supercontinuum source (SC-Pro-7, 
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400 to 2,400 nm) and a laser line tunable filter (Photon, etc. 
1,000-2,300 nm). A commercial GaAs PD was used to calibrate 
the power density. We found the responsivity values using the 
supercontinuum source is less than the tunable 1,500-1,630 nm 
laser (~30-40%, Fig. 4 and Fig.5), mainly due to the larger light 
spot diameter (62.5 µm compared to 10 µm). The back-
illuminated GeSn PD has a high responsivity for all the 
conventional telecommunication bands (O to U band). 
Consistent with the above analysis, the black Si enhances more 
photo current between 1,000-1,500 nm while the SiO2 layer 
(400-nm-thickness) increase more between 1,500-2100 nm 
from the regular device. For the SiO2 covered device, 
responsivity around 0.2 A/W was achieved for laser wavelength 
from 1,200 to 1,600 nm. Additionally, a responsivity larger than 
0.05 A/W was also observed when the wavelength < 1,880 nm, 
which shows the extended detection capabilities of PD 
compared to Ge material. Compared with the front-illuminated 
device curve, a noticeable value gap appears when the 
wavelength is less than 1,580 nm, due to the absorption from 
the Ge buffer layer (1,000-1,600 nm) and Si substrate (1,000-
1,150 nm). For the wavelength between 1,580 to 2,200 nm, the 
responsivity of the SiO2 covered back-illuminated PD is the 
same as the front-side one. A further increase of the 
responsivity could be expected if the back mirror (Ti/TiN/Al) is 
optimized to single layer Al or Au, as the Ti and TiN layer has 
a considerable infrared light absorption [29]. However, as 
shown in Fig. 8, the responsivity and detection range of the 
back-illuminated GeSn photodiodes in this work is significantly 
better than the previously reported value [13, 14].  

 
Fig. 8. (a) Optical responsivity curves of GeSn/Ge MQW 
photodiodes in the wavelength range of 1,000 to 2,200 nm at -
1V, compared to the previous back-illuminated GeSn 
photodiodes. 
 

The responsivity spectra also show the photocurrent 
decreases rapidly after 1,860 nm with a negligible response 
after 2,100 nm. The electronic band structure of the GeSn was 
calculated using the model-solid theory. The energy shifts of 
the strained GeSn layer was calculated from the deformation 
potential theory. Here, the used strain for the GeSn layer is -

1.16 and 0.88%, along with in-plan and normal directions, 
respectively, as revealed in the RSM measurement. By 
calculating 1-D time-independent Schrӧdinger’s equation, the 
ground states of the conduction band L- and Γ-valleys, heavy-
hole (HH), and light-hole (LH) bands were obtained. The 
bandgap analysis shows the direct bandgap of the GeSn well, 
the difference between the Γ-valley electron and heavy hole 
(EΓ1-Ehh1) energy, is around 0.658 eV (1884 nm)[30]. This 
result shows good agreement with the rapid decrease of light 
detection performance after 1,860 nm.  
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Fig.9. Specific detectivity (D*) of the back-illuminated 
GeSn/Ge MQW PD without any anti-reflection coating, 
compared to the previous front-illuminated bulk Ge0.9Sn0.1 
photodiode. 
 

D. Specific detectivity analysis 

Based on the above obtained dark current and responsivity, 
the specific detectivity D* of the photodiodes was investigated 
with the comparison to the previous bulk GeSn photodiodes 

from Ref [31]. D* is expressed as 𝑅
ඥ஺௱௙

ටூ೙
మ

, where R, A, ∆f and 𝐼௡
ଶ 

is the responsivity, active area of the PD, bandwidth and mean 
squared noise current. Under ideal conditions, the photodiode's 
noise current generally consists of thermal fluctuations (IThermal) 

and shot noise (IShot):  𝐼௡
ଶ = ඥ𝐼்௛௘௥௠

ଶ + 𝐼ௌ௛௢௧
ଶ . The IThermal is 

described as: 𝐼்௛௘௥௠ = ඥ4𝑘𝑇∆𝑓/𝑅௦௛௨௡௧, where k, T, and Δf 
and is the Boltzmann constant, absolute temperature, and 
bandwidth, respectively. For the mesa diameters of 250 µm, the 
𝑅௦௛௨௡௧ is around 30.0 kΩ. Thus, the IThermal could be calculated 
to 7.43×10−13 A·Hz−1/2 (T=300 K). For IShot which evaluates the 
carrier fluctuations are expressed as 𝐼ௌ௛௢௧ =

ඥ2𝑞(𝐼஽௔௥௞ + 𝐼௉௛௢௧௢)∆𝑓 . Benefit from the low dark current 
owing to the pseudomorphic GeSn growth, the shot noise 
current was calculated to be ~3.12×10-13A∙Hz-1/2 at -0.01 V by 
assuming the optical power is close to 0. A high specific 
detectivity of >109 cm∙Hz1/2/W was achieved between 1,050 
and 1,900 nm (Fig. 9). The specific detectivity of back-
illuminated MQW GeSn PD is ~7.8×109 cm∙Hz1/2/W at 1,550 
nm which is 35 times higher than that of the front-side bulk 
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Ge0.9Sn0.1 PD [31].These results in the higher detectivity of the 
back-illuminated GeSn PD as compared to the previous work 
of the front-illuminated structure between the wavelength of 
1,400 and 1,900 nm [31]. As discussed above, the dark current 
and the responsivity could be improved by optimizing the 
fabrication processes, and eventually increasing the detectivity 
further.  

 
Fig.10. Theoretical 3dB bandwidth of the back-illuminated 

GeSn/Ge MQW photodiodes at -2V with different mesa 
diameters. 

 

E. 3-dB bandwidth analysis 

Finally, the calculated 3-dB bandwidth of back-illuminated 
MQW PD was shown in Fig. 10. For the high-frequency 
response, only the transit-limited bandwidth (fT) and RC delay-
limited bandwidth (fRC) has been considered: 𝑓ଷ ௗ஻ =

ට
ଵ

௙೅
షమା௙ೃ಴

షమ[32]. The transit bandwidth (fT) was calculated by fT 

=0.45Vsat/di, where di is the thickness of the depletion layer and 
Vsat is the saturation velocity which is considered to be 6×106 
cm/s from Ge material. The RC frequency (fRC) is linear to the 
di and inversely proportional to the surface area and it is 

expressed by 𝑓ோ஼ =
ଵ

ଶగோ஼
. R consists of series resistance (Rs) and 

load resistance (Rl=50 Ω). The Rs was calculated ~ 10.73 Ω, as 
shown in Fig. 3c. C consists of junction capacitance Cj and 
parasitic capacitance Cp, which both were obtained from the 
capacitance-voltage measurement at dark conditions. The 
theoretical 3dB bandwidth of the back-illuminated PD is ~8 
GHz (at -2 V) for the mesa diameter of 20 μm (Fig. 11). This 
theoretical calculation is at the same scale as our previous 
results on the front-side MQW structure which has a measured 
3dB bandwidth of ~2 GHz at -3V with the mesa diameter of 60 
μm [7]. The back-illuminated photodiode's calculation 
bandwidth is slightly overestimated at low bias voltage due to 
the carrier trapping effect in the MQW. However, the back-
illuminated MQW PD presented in this work suggests that it 
could be operated at high frequency, as the carrier trapping 
effect would be weakened when the bias voltage is high.   

 

IV. CONCLUSION 

High-performance back-illuminated GeSn/Ge MQW PD was 
demonstrated on 300 mm Si substrate by CMOS compatible 
processes. The device has a dark current density of ~ 43.2 
mA/cm2 (at -1V), among the lowest values in the reported 
group-IV photodiodes. A broadband photo response between 
1,200 and 2,100 nm was observed and with the responsivity of 
0.285 and 0.0085 A/W at 1,550 and 2,000 nm, respectively, 
close to the corresponding front-illuminated structure. A high 
specific detectivity of >109 cm∙Hz1/2/W was achieved between 
1,200 and 1,900 nm (covering all the conventional 
telecommunication bands), which is among the highest value in 
the reported GeSn photodiodes. Furthermore, the study of the 
anti-reflective layers shows the black Si surface mainly 
increases the photocurrents of the PDs between 1,000-1,500 nm 
while the SiO2 layer (400-nm-thickness) mainly increases the 
photocurrents of the PDs between 1,500-2,100 nm. The 
theoretical 3dB bandwidth of the back-illuminated PD is ~8 
GHz (at -2 V) for the mesa diameter of 20 μm. This high 
performance back-illuminated GeSn-based MQW photodiode 
demonstrate the potential applications in the image sensing 
systems in the SWIR range. 
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