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ABSTRACT: The performance of semiconductor devices on silicon can be severely degraded by the presence of dislocations 
incurred during heteroepitaxial growth. Here, the physics of the defect mechanisms, characterization of epitaxial structures 
and device properties of waveguide photodetectors (PDs) epitaxially grown on (001) Si is presented. A special GaAs-on-V-
grooved-Si template was prepared by combining the aspect ratio trapping effects, superlattice cyclic, and strain-balancing 
layer stacks. A high quality of buffer structure was characterized by atomic force microscopy (AFM) and electron channeling 
contrast imaging (ECCI) results. An ultra-low dark current density of 3.5×10-7A/cm2 at 300 K was measured under -1 V. That 
is 40 times smaller than the best reported value of epitaxially grown InAs/GaAs quantum dot photodetector structure on 
GaP/Si substrate. Low frequency noise spectroscopy was used to characterize the generation and recombination related deep 
levels. A trap with an activation energy of 0.4 eV was identified, which is near the middle bandgap. With low frequency noise 
spectroscopy along with the current-voltage and capacitance-voltage characterizations, the recombination lifetime of 27 μs 
and trap density of 5.4×1012 cm-3 were estimated. 

Optoelectronic devices based on semiconductor quantum 
dots (QDs) have attracted much attention due to the unique 
physical properties of the zero-dimensional carrier con-
fined system and have been widely applied in photodetec-
tors and lasers 1-6. Recently, monolithic integration of III-V 
QDs on Si substrate has gained extensive interests due to its 
potential to overcome the lack of laser source in silicon pho-
tonics 7. However, the device performance is often limited 
by the defects caused by the large lattice mismatch between 
III-V compounds and Si substrate. A concern is that the de-
fects in devices may grow during the operation due to re-
combination enhanced defect reactions (REDR), which 
leads to device failure and reliability issues 8-11. The defects 
in the III-V QDs on Si structures are often only analyzed by 
transmission electron microscopy (TEM) visually12, 
whereas the detailed information about the associated trap 
level state has not been investigated. In order to improve 
the performance of QD based devices, an in-depth charac-
terization and analysis of these defects are crucial. 

In this paper, leveraging the selective aspect ratio trap-
ping concept, we produce ultra-low defect density GaAs thin 
films on exact (001) silicon by direct epitaxy. The substrate 
with p-i-n epitaxial layers was processed into a waveguide 

photodetector (PD) structure and low frequency noise spec-
troscopy (LFNS) characterizations were carried out to iden-
tify and quantify the deep level within the PD device for the 
first time. With the combined effects of ten periods of 
In0.15Ga0.85As/GaAs (5/5 nm) superlattice cyclic and 200 nm 
In0.15Ga0.85As strain-balancing layer stacks, the threading 
dislocation density (TDD) of the GaAs-on-V-grooved-Si 
(GoVS) has been reduced to 5.8×106 cm-2 in the PD active 
layers. This translates to a very low dark current of 5.3 pA 
under -1 V at 300 K, with a good optical responsivity ex-
tended out to 1360 nm. The dark current exhibited in the 
PD is much lower than the previously demonstrated 
InAs/GaAs QD PD structures grown on Si substrates and is, 
to the best of our knowledge, the lowest dark-current PD 
with any kind of absorption type (Ge, InGaAs, etc) on silicon.  
Based on the LFNS characterization, a trap with activation 
energy of 0.4 eV is identified, which has a capture cross sec-
tion of 1.5×10-16 cm2. A simple electrical method along with 
the information extracted from LFNS was developed to es-
timate the recombination lifetime and trap density. Carrier 
lifetime and trap density were calculated to be around 27 μs 
and 5.4×1012 cm-3 respectively in the device at 300 K. The 
defect information found in this work could be useful to 



 

benchmark the III-V quantum dots devices grown on Si sub-
strate. 

  

Figure 1.  (a) Schematic of the GoVS template. (b) Schematic of the p-i-n PD epitaxial structure grown on GoVS template. 

 

Figure 2.  (a) Room temperature PL spectrum of the QDs grown on the GoVS template. Inset: AFM image of the GoVS template, the 
vertical bar is 10 nm.  (b) ECCI of the GoVS template. 

RESULTS AND DISCUSSION 
Figure 1 shows the schematic of the QD PD structure 

grown on a GoVS substrate. The GaAs-on-Si substrate was 
prepared using a V-groove patterned Si substrate by aspect 
ratio trapping (ART) in a metal-organic chemical vapor 
deposition (MOCVD) system 13 as shown in Figure 1(a). Ten 
periods of In0.15Ga0.85As/GaAs (5/5 nm) superlattice cyclic 
and 200 nm In0.15Ga0.85As strain-balancing layer stacks were 
inserted into the hetero-epitaxial GaAs layer for defects 
reduction. An p-i-n PD epitaxial structure was grown by 
molecular beam epitaxy(MBE) system 14 as shown in Figure 
1(b). The active region of the PD consists of five-stacked 
InAs dot-in-a-well (DWELL) structures, with a dot density 
of 6 × 1010 cm−2 15.  

The morphology of GoVS was examined by AFM, as 
shown in the inset in Figure 2(a). A root mean square (RMS) 
roughness of 1.14 nm is obtained in a 10×10 μm2 scanned 
area which indicates a smooth surface of the GoVS. Electron 
channeling contrast imaging (ECCI) was used to estimate 
the threading dislocation density (TDD) of GoVS. A record 
TDD value of 5.8×106 cm-2 has been obtained from Figure 
2(b). This is a reduction of two orders of magnitude 
compared with the previous QDs structure grown on silicon 
template 16.  

Room temperature photoluminescence (PL) of the 
InAs/InGaAs QDs grown on GoVS substrate was conducted 

by using the 671 nm line from an all-solid-state red laser as 
the excitation source. In Figure 2(a), the ground-state 
emission of the QDs grown on the GoVS substrate is at 1288 
nm (0.96 eV), with a narrow full-width-at-half maximum 
(FWHM) of 38 meV. The narrow PL linewidth indicates 
good size-uniformity of the QDs. At the shorter wavelength, 
a second peak can be identified, which corresponds to the 
emission from the excited electron state. 

After the material growth, the epitaxial structure was 
processed into PD devices. A set of rectangular shape mesa 
waveguides were formed by inductive coupled plasma (ICP) 
etching. The etched surface was passivated used atomic-
layer deposited (ALD) Al2O3 together with sputtered SiO2 
layer to help suppress the surface leakage current. The 
detail fabrication steps can be found in Ref 15. The inset in 
Figure 3(b) shows the top-view SEM image of a fabricated 
device. 

Dark current-bias voltage (I-V) characteristic of photode-
tector with width of 30 μm (W) and length of 50 μm length 
(L) was measured from 150–345 K in a variable tempera-
ture probe station with cold shield covered. Data were rec-
orded by a semiconductor device analyzer and were pre-
sented in Figure 3(a). For measurements below 270 K, the 
fluctuations of the PD current are due to the noise limit of 



 

the semiconductor device analyzer. An ultra-low dark cur-
rent of 5.3×10-12A is obtained under the bias voltage of -1 V 
at 300K, which corresponds to a dark current density of 
3.5×10-7A/cm2. It is  noted that this dark current density is 
more than 200 times lower than the previous result on 
GaAs-on-V-grooved-Si template 15 and 40 times lower than 
the result on GaP/Si substrate 17. The dark current increases 
to 1.7×10-10A as the temperature rises to 345 K (corre-
sponding to a dark current density of 1.1×10-5A/cm2). Ac-
cording to the temperature dependent dark current, the Ar-
rhenius plot is shown in Figure 3(b). An activation energy 
(Ea) of 0.71 eV is extracted at -0.3 V. This value is about 75% 
of the bandgap Eg (~0.92 eV) at room temperature. There-
fore, the dark current is dominated by both diffusion and 
generation-recombination (G-R) components 18. The calcu-
lated Ea under different reverse bias was shown in Figure 
3(c). The increase of reverse bias extends the depletion re-
gion thickness. This contributes to the increase of the G-R 
component, which dominates more significantly on the dark 

current performance as reverse bias increases. Therefore, 
the activation energy decreases towards the value of half 
bandgap.  

Optical response of the device was measured with a tun-
able laser. Light from the tunable laser source was coupled 
into the PD by a lensed fiber, and the input polarization is 
controlled by a polarization controller. Wavelength depend-
ence of the PD responsivity under -1 V at room temperature 
is shown in Figure 4. Oscillatory features seen in the spectra 
are due to the Fabry-Perot resonance between the rear and 
front facets associated with the ~30% reflection at the 
waveguide facets. The peak responsivity is about 0.26 A/W 
at 1300 nm under -1 V. The coupling loss between a spheri-
cal-lensed fiber and the waveguide facet was estimated to 
be 3 dB, which is obtained by measuring the same device as 
a laser diode under forward bias with integrated sphere 
power meter and fiber coupled power meter respectively 

 
Figure 3.  (a) I-V characterization of the device as a function of temperature. (b) Arrhenius plot of temperature dependent dark 
current at -0.3V. Inset: Top-view SEM image of a fabricated device. (c) Dark current activation energy as a function of reverse bias.

After the electrical and optical characterization of the device, 
LFNS was performed to probe the defect states. The current 
spectral density of LFNS can be mathematically expressed as 19:  

21 (2 )
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where the three terms represent G-R noise, 1/f noise and white 
noise, respectively. The G-R noise term appears as Lorentzian 
peaks in the measured noise spectra, Ai is the amplitudes of the 
G-R process, τi is time constant of each G-R center, B is the am-
plitudes of the1/f process, and C is a constant related with 
white noise. In order to make the Lorentzian component more 
visible from the spectrum, eq (1) is multiplied by f, which is ex-
pressed as：  
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Figure 4. Wavelength dependence of PD responsivity at room 
temperature biased at -1 V.  

In order to probe the physically meaningful trap parameters 
such as energy and cross section from the measured spectra, 
the noise spectra at different temperatures and applied bias 
were measured. By fitting the measured noise spectra with eq 
(2), the lifetime τi under different temperatures can be ex-
tracted 20-21. From an Arrhenius plot of ln(τT2) versus 1000/T, 
the energy level of the trap states can be extracted from the 



 

slope, and the capture cross section can be found from the in-
tercept 22. 

The LFNS of the device was measured over a temperature 
range from 180-430 K with a step of 10 K, under a bias voltage 
of 300 mV. Figure 5(a) shows the measured noise spectra 
within the temperature range at which G-R noise was evident. 
The time constant is extracted by Lorentzian fitting. With these 
data, the Arrhenius plot ln(τT2) versus 1000/T is shown in Fig-
ure 5(b). A defect level with an activation energy of 0.4 eV is 
extracted with a capture cross section of 1.5×10-16cm2. Hence, 
this defect level isnear the middle of bandgap (Eg=0.92 eV). 
However, trap density (Nt) could not be obtained with LFNS 
measurement due to the sensitivity of Lorentzian amplitudes 
to the applied bias conditions. Further analysis of I-V and Ca-
pacitance-Voltage (C-V) characteristics were used to investi-
gate the trap density. From Arrhenius plot of dark current (Fig-
ure 3(b)), it is concluded that the dark current is dominated by 
both diffusion and G-R components. In this scenario, one can 
write the dark current under reverse bias as follows: 

 R diff genI I I                                                                                 (3) 

Under reverse bias, Idiff  is saturation current for an ideal diffu-
sion current given by 23: 
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where NA and ND are the doing of P and N region of the p-i-n 
structure, A is the device area, q is the electron charge, ni is in-
trinsic carrier concentration, Ln (Lp) and Dn (Dp) are the diffu-
sion length and diffusion coefficient for electron (hole) respec-
tively. Igen is G-R current and can be expressed as: 

gen
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where Wa is depletion region thickness of the device, τg is the 
generation lifetime. From eq (3)-(5) it is found that generation-
recombination current increases linearly with depletion region 
thickness Wa 24. Here, the depletion region width can be deter-
mined by C-V characteristics of the device under 300 K as 
shown in Figure 6(a), and we calculated the Wa using 

 a

d
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 (where Cd is the capacitance, ε is the static dielec-

tric constant). Thus, by plotting dark current against depletion 
region thickness one can obtain the generation lifetime from 
the slope of the linear part. Figure 6(b) shows the dark current 
density as a function of depletion region thickness, with the 
bias voltage increasing from -0.04 to -2 V. From the slope of the 
fitting curve, we obtained τg of 2.7×10-4 s of the device at 300 K. 
It is noted that the linear relation between dark current density 
and Wa maintains well only when the Wa is lower than 0.13 μm 
(corresponding to a bias below -1.32 V), when the bias goes be-
yond -1.32 V, the linear characteristics deviates, which may be 
due to the parasitic capacitance in the contact pad. The para-
sitic could cause a reduction of calculated Wa in the high bias 
region, thus, affecting the linear relation between dark current 
density and Wa. After τg is determined, the associated recombi-
nation lifetime can be estimated by 25-26: 

 r / [2cosh(( ) / )]g T i BE E k T                            (6) 

where τr is the recombination lifetime, kB is the Boltzmann con-
stant, T is the device temperature, ET and Ei are the energy level 
of defect and intrinsic Fermi level, respectively. A recombina-
tion lifetime of 27 μs is obtained by eq (6). Finally, a trap den-
sity of Nt=5.4×1012 cm-3 was estimated using the following for-
mula: 

t n th th=1/ ( )=1/ ( )n r nN v v   
       

 (7) 

where τn is recombination lifetime of electron, σn is the capture 
cross section of electron, vth is the thermal velocity. This trap 
density is comparable to that of the InAs/InGaAs QDs structure 
grown on native GaAs substrate (in the range of 1012 to 1014 
cm-3) 27-28.  

     Finally, we want to point out that since the dark current ob-
served in the QD p-i-n photodiodes correlates to native defects 
in the materials, there is still room to further decrease the dark 
current with longer carrier lifetime and lower defect density18, 

29. In addition, the carrier lifetime extracted here can be used to 
model the carrier dynamics process and quantum efficiency in 
the QD p-i-n photodiodes. Longer carrier lifetime could also 
help the photodiodes to sweep the photo-generated carriers 
out of the absorption region more efficiently, and better quan-
tum efficiency could be expected. Thus, an improving photodi-
ode performance can be achieved by further optimizing the 
growth condition and reducing defect density. Furthermore, 
the III-V QDs on Si structure demonstrated in this work could 
also operate as a laser diode on Si as they share the same epi-
taxial structure14, the defect information and the lifetime ob-
tained in this work correlates to the amplitude of non-radiative 
recombination process, which is critical for laser threshold 
analysis and laser dynamics modeling to investigate the ther-
mal characteristics, relaxation oscillation parameter and mod-
ulation properties 30-31. It is also noted that using a n-i-n struc-
ture, a slight variation of the current p-i-n structure, the current 
near-infrared photodetector structure can be transferred into 
quantum dot infrared photodetector (QDIP) structure utilizing 
inter-subband absorption to detect mid-wavelength infrared 
light, which has important applications in both civil and mili-
tary areas 5-6, 32. The density of deep traps and trap energy lev-
els play an important role with the QD energy levels to model 
the self-consistent band bending and space charge distribution, 
which determines the electron occupancy in QDs, a critical pa-
rameter in inter-subband QDIP device to further optimize the 
dark current and responsivity performance27.  
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Figure 5. (a) Measured noise spectra under different tempera-
ture with Lorentzian fitting. (b) Arrhenius plot for the trap de-
tected by LFNS in the device. 
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Figure 6.  (a)The C-V curve of the device under 300K. (b) Dark 
current density versus depletion region thickness at 300 K of 
the device. 

 

CONCLUSIONS 

In conclusion, III-V QD PD on Si with lowest dark current den-
sity among all III-V on Si PDs was demonstrated, to our best 
knowledge, and low frequency noise spectroscopy was carried 
out to study quantitatively the defect information in the III-V 
QD PD structure monolithically grown on Si. One trap level with 
activation energy of 0.4 eV was identified along with a capture 
cross section of 1.5×10-16cm2. Based on a simple electrical 
method, the trap density of 5.4×1012 cm-3 can be extracted. The 
defect information found in the photodiode may help further 
optimize the material growth and pave the way towards mon-
olithic photonic integrated circuits directly grown on CMOS 
compatible Si substrates. 
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