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The near-infrared responsivity of a silicon photodetector employing the impurity photovoltaic (IPV) effect is inves-
tigated with a numerical method. The improvement of the responsivity can reach 0.358 A/W at a wavelength of about
1200 nm, and its corresponding quantum efficiency is 41.1%. The origin of the enhanced responsivity is attributed to
the absorption of sub-bandgap photons, which results in the carrier transition from the impurity energy level to the con-
duction band. The results indicate that the IPV effect may provide a general approach to enhancing the responsivity of

photodetectors.
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1. Introduction

Photodetectors are optoelectronic devices for detecting
optical signals and converting them into electrical signals, and
they possess many applications, such as image sensing, chem-
ical sensing, communications, environmental monitoring, and
remote control.!'=3! In order to better implement these applica-
tions, higher performance photodetectors are always required.
Responsivity is one of the most important parameters that de-
termine the property of a photodetector, and it is defined as the
light signal generated current in a photodetector divided by in-
cident optical power. Thus, it will be of great significance if a
general approach to enhancing the responsivity of a photode-
tector can be found.

We found that a potential approach to enhancing the re-
sponsivity is to employ the impurity photovoltaic (IPV) ef-
fect. The mechanism of the IPV effect is to introduce an im-
purity energy level within the bandgap so that some photons
with energies less than the bandgap can be absorbed by the
semiconductor device.[®®! This action would increase the cur-
rent output and improve the responsivity of a photodetector.
Mohammed et al.l! used the MATLAB program to calculate
the photogenerated current in a PN silicon photodetector, en-
hanced by the impurity photovoltaic effect. Their results indi-
cated that using the impurity photovoltaic effect can improve
the photogenerated current of photodetectors and widen the
operating wavelength range toward the near infrared region.

In the present work, we select silicon-based photodetec-
tors to theoretically investigate the responsivity by employing
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the TPV effect. The dependences of responsivity on the device
thickness, the I[PV impurity concentration, and the internal re-
flection coefficient are reported and discussed.

2. Method

The schematic plot of the IPV effect is shown in Fig. 1.
It can be seen that the model includes the conventional
Shockley—Read—Hall (SRH) mechanism (right side) and two
impurity optical transitions (on the left-hand side). A pho-
ton with energy hv; excites an electron from the valence band
to an impurity level, and the second photon of energy hv;
pumps the electron from there to the conduction band. So,
two photons with energies less than the bandgap can generate
an electron—hole pair by a two-step transition. The SRH model
can be modified due to the addition of the IPV effect. The net
recombination rate U via impurity is given by!®!
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where n and p are the electron and hole concentrations, 1 and
p1 the electron and hole concentrations when the Fermi level
coincides with the impurity level, Nc and Ny the effective den-
sities of states in conduction and valence bands, Ec and Evy the
conduction and valence band edges, E; is the impurity energy
level, 7,0 and T, are the lifetimes for electrons and holes, gy,
and gp; the optical emission rates from the impurity for elec-
trons and holes, N, is the impurity concentration, vy, the carrier
thermal velocity (107 cm/s), oy Pt and GS Pt
hole optical emission cross-sections of the impurity, and o

are the electron and

and Ggh are the electron and hole thermal capture cross sec-
tions.
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Fig. 1. (color online) Schematic of the IPV effect, showing that two

sub-bandgap photons (kv and hv,) create an electron-hole pair via im-

purity level E;

By

The photon flux ¢pp (x,A) at depth x from the incident
surface for the wavelength A is given by the following expres-
sion:
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where ¢ey; is the external incident photon flux, L the total
thickness of the cell, Rf and R}, are the internal reflection co-
efficients at the front and back surface of the cell, &_p, is the
band-to-band absorption coefficient, ¢, and o, are the impu-
rity absorption coefficients for electron and hole photoemis-
sion from the IPV impurity, oy is the absorption coefficient
for free-carrier absorption, and f; the occupation probability
of impurity level.

In the SCAPS simulation program,!'%!!] the silicon pho-
todetector considered in this study is a pt—n-n* structure.
For the p* emitter layer, the doping concentration Ny and
the thickness are set to be 10'® cm~2 and 2 um, respectively;

for the n-base layer, the carrier concentration Np is set to be
10'7 cm~3, and the thickness is set to be 100 um; for the
nt layer, the carrier concentration Np and the thickness are
10'® cm™3 and 5 um, respectively. The indium element is se-
lected as the IPV impurity. The indium energy level in silicon
is at 0.157 eV above the valence band edge.!'?! This level lo-
cation is a good choice because the impurity will act as an
effective recombination center if the impurity level location is
too close to the middle of the bandgap, and the IPV effect of
the sub-bandgap photons will be negligible if the level location
is too close to the valence band edge or the conduction band
edge. The electron and hole thermal capture cross-sections for
indium impurity are set to be 2x 10722 cm? and 8 x 101> cm?,
respectively.[®) The basic parameters used for the silicon pho-
todetector at 300 K are listed in Table 1.!'%13] The electron and
hole photoemission cross-sections of the IPV impurities are
calculated according to the model of Lucovsky.!'*! 65" and
GS P! are both set to be zero for the photons with energy above
bandgap. The absorption of free carriers is ignored. The con-
sidered wavelengths range from 700 nm to 1400 nm in steps
of 20 nm. The intensity of each incident beam at the sampled
wavelength is 100 mW/cm2. R; and Ry, are both set to 0.99.
Responsivity is defined as the photocurrent flowing in a pho-
todetector divided by incident optical power.

Table 1. Basic parameters for the silicon photodetector used in this
study (at 300 K).

Parameter and unit Value
Bandgap/eV 1.12
Dielectric constant 11.9
Electron affinity/eV 4.05
Effective conduction band density/cm—3 2.80x10"
Effective valence band density/cm > 2.65x10"
Electron mobility/cm?- V1.5~ 1350

Hole mobility/cm?-V~!.s71 450
Surface recombination velocity/(cm/s) 10*
Indium energy level (E; — Ev)/eV 0.157

3. Results and discussion

Figure 2 shows the variations of responsivity with in-
cident wavelength for different indium concentrations. It is
found that the responsivities of the photodetectors doped with
the IPV indium impurity are greater than those of the pho-
todetectors without indium impurity when the wavelength is
longer than about 900 nm. The improvement of responsiv-
ity increases with increasing the indium concentration. When
the wavelength is 1000 nm, the responsivities of the photode-
tectors doped with 9x 1071%, 6x 10716, and 1 x 1071 cm—3 in-
dium impurities are 0.714, 0.706, and 0.698 A/W, respectively.
If no indium is introduced, the responsivity is 0.691 A/W.
When the wavelength is 1160 nm, their responsivities are
0.440, 0.394, and 0.339 A/W, respectively, for the photode-
tectors doped with 9% 10716, 6x1071°, and 1x10710 ¢m—3
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indium impurities. While the responsivity without IPV in-
dium is only 0.293 A/W. Moreover, the responsivities of the
photodetectors have some extensions to near-infrared 1360 nm
if the indium impurities are introduced. These enhancements
of the responsivities should be due to the absorption of sub-
bandgap photons. According to the two-step transition, the
fist step is that an electron is pumped from the valence band
to the indium level by a sub-bandgap photon, and then in the
second step, the electron is excited from the indium level to
the conduction band by another sub-bandgap photon. After
the two-step transition, two sub-bandgap photons generate an
electron—hole pair. However, here it should be noted that ac-
cording to our previous work,['3] the transition from the va-
lence band to the indium level (i.e. the first step) is caused
mainly by the thermal excitation, and the transition from the
indium level to the conduction band is most performed by
the optical excitation. Hence, besides intrinsic absorptions,
both the light with 1000 nm in wavelength and the light with
1160 nm in wavelength can be absorbed by the sub-bandgap of
0.963 eV (= Ec —E; = 1.12-0.157 eV, the indium level to the
conduction band). More photocarriers will be generated and
contribute the photocurrent to the photodetector. This behav-
ior can enhance the responsivities at 1000 nm and 1160 nm.
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Fig. 2. (color online) Variations of responsivity with incident wave-
length for different indium concentrations
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Fig. 3. (color online) Variations of external quantum efficiency (EQE)
of the photodetector with wavelength for different indium concentra-
tions.

In order to more clearly understand the influence of the
IPV effect on the device performance, we calculate the val-
ues of external quantum efficiency (EQE) of the photodetec-
tors with different indium concentrations, and the results are
shown in Fig. 3. It is found that in the near-infrared waveband
the EQE with IPV is higher than that without IPV. This is be-
cause the absorption of the sub-bandgap photons results in the
generation of more electron—hole pairs.

Figure 4 illustrates the effect of the base thickness on the
device responsivity. It is shown that the responsivity decreases
as the base thickness increases before the wavelength reaches
1040 nm. When the wavelength is 1000 nm, the responsivities
of the photodetectors with 50 nm and 250 nm in base thick-
ness are 0.717 A/W and 0.656 A/W, respectively. If the wave-
length is larger than 1120 nm, the responsivity increases with
the increase of base thickness. This is because the thicker base
can adequately absorb the incident near-infrared photons. Es-
pecially, the absorption coefficient of silicon material is very
weak in the near-infrared zone. Figure 5 illustrates the EQEs
of the devices with different values of base thickness. When
the wavelength is larger than 1120 nm, the EQE increases as
base thickness increases. The thicker base can obtain more
electron-hole pairs since more sub-bandgap photons can be
absorbed.
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Fig. 4. (color online) Variations of responsivity with wavelength for
different values of base thickness.
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Fig. 5. (color online) Variations of external quantum efficiency with
wavelength for different values of base thickness.
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The internal reflection coefficient of the photodetector
utilizing the IPV effect should be a crucial parameter that af-
fects the responsivity since those sub-bandgap photons can
be adequately absorbed by the reflection behavior. Figure 6
shows the variations of the increment of responsivity AR with
incident wavelength for different internal reflection coeffi-
cients at the back surface of the cell. The improvement of
responsivity is defined as the difference between the respon-
sivity with the IPV effect and that without the IPV effect.
It can be seen that the improvements of responsivities can
attain 0.256 A/W and 0.358 A/W at a wavelength of about
1200 nm when the values of Ry, are 0.99 and 0.999, respec-
tively. A big internal reflection coefficient can give rise to
a high improvement of responsivity. This is due to the fact
that a big internal reflection coefficient increases the oppor-
tunity for sub-bandgap photons to be absorbed by weak op-
tical processes in a silicon photodetector and results in more
electron photoemissions from the indium level to the conduc-
tion band. For the high reflection coefficient, a Bragg reflector
structure that reflects nearly 100% of long-wavelength photons
was reported. 1]
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Fig. 6. (color online) Variations of improvement of responsivities AR
with incident wavelength for different internal reflection coefficients at
the back surface of the cell.
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Fig. 7. (color online) Variations of external quantum efficiency of the
devices with/without IPV with incident wavelength when Ry is 0.99 and
Ry, is 0.999.

Figure 7 shows the variations of the external quantum ef-
ficiency of the devices with/without IPV with incident wave-
length when Ry is 0.99 and Ry, is 0.999. It is obvious that
the EQE with IPV is greater than that without IPV. When the
wavelength is 1200 nm, the EQE without IPV is almost zero,
while that with IPV is 41.1%. It is concluded that the IPV ef-
fect raises the quantum efficiency and results in the improve-
ment of the responsivity of a photodetector.

4. Conclusions

A numerical study is carried out to explore the near-
infrared responsivity of silicon photodetectors. It is found that
the near-infrared responsivity of silicon photodetectors can be
enhanced by the impurity photovoltaic effect. The enhance-
ment of responsivity increases with increasing the indium con-
centration. Moreover, the responsivities of the photodetectors
have some extensions to near-infrared 1360 nm if the indium
impurities are introduced. The base thickness of the silicon
photodetector has a significant influence on device responsiv-
ity. The internal reflection coefficient of the photodetector is
crucial to the photodetector responsivity. The improvement
of the responsivity can reach 0.358 A/W at a wavelength of
about 1200 nm when Ry = 0.99 and Ry, = 0.999. Our results
may open up a new route to enhancing the responsivity of a
photodetector.
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