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ABSTRACT:

Highly sensitive short-wave infrared (SWIR) detectors, compatible with the silicon-
based complementary metal oxide semiconductor (CMOS) process, are regarded as the
key enabling components in the miniaturized system for weak signal detection. To date,
the high photogain devices are greatly limited by large bias voltage, low-temperature
refrigeration, narrow response band, and complex fabrication processes. Here, we
demonstrate high photogain detectors working in the SWIR region at room temperature,
which uses graphene for charge transport and Te-Hyperdoped Silicon (Te-Si) for
infrared absorption. The prolonged lifetime of carriers, combined with the built-in
potential generated at the interface between the graphene and the Te-Si, leads to
ultrahigh photogain of 10° at room temperature (300 K) for 1.55 pm light. The gain can
be improved to 10'2, accompanied with a detectivity of 2.1x10'® Jones at 80 K.
Moreover, the proposed device exhibits a detectivity of 2.21x 10! Jones @ 300 K at
the wavelength of 2.7 um, which is far exceeding the working region of InGaAs
detectors. This research shows that graphene can be used as an efficient platform for
silicon-based SWIR detection, and provides a new strategy for the low-power, uncooled,

high-gain infrared detectors compatible with the CMOS process.

KEYWORDS: Short-wave infrared detector, High-gain, Graphene, Te-Hyperdoped

Si



INTRODUCTION

High photogain SWIR (typically ranging from 1.1 to 3 pum) detectors with an
amplification of charge carriers, are regarded as the foremost elements to enable weak
signal detection in many applications, such as optics communication, safety
surveillance, object inspection, astronomical observation, and single-photon imaging !-
3. The ideal SWIR detectors must combine a high photogain, broad response band, and
low power consumption with facile fabrication. Early effort towards this goal is
constructing avalanche photodiode (APD) based on epitaxial I11-V semiconductors
such as InGaAs and InAlAs, which requires high bias voltages, and the cooling
operation is generally used to suppress dark currents. In addition, the working
wavelength is typically restricted below 1.7 pum, and the manufacturing process is
complicated due to the epitaxial crystal growth and bonding requirements %’. Therefore,
it is challenging for the APD device to meet the requirements of small size, light weight,
and low power consumption (SWaP) of new generation SWIR detectors &,

Recently, atomically thin two-dimensional materials, one-dimensional nanowires,
and zero-dimensional quantum dots were reported to obtain high photogain under zero

bias by the extraordinary electron-hole confinement °'4,

In particular, the
graphene/quantum dots hybrid photodetectors can exhibit ultrahigh photogain in the
visible and near-infrared regions resulting from the photogating effect 123, However,
these quantum dots-based photodetectors are incompatible with the advantages of facile
processing and stable performance exhibited by silicon devices.

Hyperdoped Silicon, obtained by ion implantation and/or laser annealing of silicon
materials, has enabled photodetectors the advantages of wavelength expansion, high
infrared light absorption, and low cost. More importantly, it inherently has the excellent
compatibility with the CMOS process 2*6. However, the short carrier lifetime caused
by hyperdoping severely limit the responsivity (102-10"" A/W) and gain of the devices
merely based on Hyperdoped Silicon 2’.

Herein, we propose and demonstrate a hybrid architecture by integrating graphene
with Te-Hyperdoped Silicon (Te-Si). The obtained photodetectors exhibit ultrahigh
photogain in the SWIR region at room temperature. We clarify the physical principles

that govern the operation of the graphene/Te-Si hybrid device using simulations and

analytical models. The experimental and modeling results exhibit a good agreement,



which proves that the delicate integration of graphene (with high mobility and low
carrier concentration) and Te-Si (with high carrier concentration) is the key to obtain
the high performance. Two figure-of-merits, namely the lifetime-gain and potential-
gain are proposed and verified to dominate the overall photoconductivity gain. The
ultrahigh photoconductivity gain (10"?@80 K, 10°@300 K) and detectivity (2.1x10'3
Jones@80 K, 2.35%10'% Jones@300 K) at the wavelength of 1.55 pm have been
obtained, which are comparable to the state-of-the-art InGaAs photodetectors.
Meanwhile, the hybrid device can exhibit a detectivity of 2.21x 10 Jones (@300 K)
at the wavelength of 2.7 um, which is beyond the working wavelength of InGaAs
devices. This hybrid device integrated with graphene and hyperdoped silicon provides
a promising approach to CMOS-compatible, broadband infrared imaging at room

temperature.

RESULTS AND DISCUSSION

The structural diagram of the designed graphene/Te-Si hybrid photodetector is
shown in Fig. 1a. The Si layer hyperdoped by Te element is etched into stripes to avoid
direct electrical contact with the gold electrodes. The patterned graphene film is
connected to the electrodes and conformally covers the Te-Si stripes (See
Supplementary Figure 1 about the fabrication process and device photograph). For
sufficiently high impurity concentrations of Te element, a delocalized intermediate
band can be formed within the bandgap of Si, as shown in Fig. 1b. This intermediate
band facilitates the sub-band absorption, and the carrier excitation is viable from the
intermediate band to the conduction band, which promotes the expansion of
photoresponse covering the whole SWIR region. The measured absorption spectra of
Te-Si with different doping concentrations are shown in Supplementary Figure 2, which
shows that the wavelength is extended to 3.1 pm and the absorption is up to around
55%. The Raman and Rutherford backscattering-channeling spectrometry

measurement results of Te-Si samples can be seen in Supplementary Figures 3 and 4.
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Fig. 1 Device schematic, operation principle and performance. (2) Schematic diagram of the
graphene/Te-Si hybrid photodetectors. (b) Principle of sub-band gap carrier excitation in
intermediate band Si. (c) Schematic views of the working mechanism of Te-Si and graphene/Te-Si
hybrid device. (d) and (e) Time-dependent photoresponse of the hybrid photodetector with different
doping levels of Te at the wavelength of 1.55 umand 2.7 um, respectively. (f) Relationship between
responsivity and optical power for 1.55 um and 2.7 um (inset) infrared light.

Due to the existence of charged impurities in Te-Si introduced by hyperdoping,
the indirect recombination becomes strong, and the lifetime of carrier is short.
Therefore, when the Te-Si photoconductor is irradiated by SWIR light, only a small
amount of photogenerated electron-hole pairs (mainly near the electrodes) can be
utilized, as shown in the top diagram of Fig. 1c. The simple semiconductor metal
junction cannot provide a high optical gain. In contrast, when the graphene is integrated

with Te-Si, a large built-in potential can be formed at the interface of Te-Si and graphene,
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which leads to the efficient separation of electron-hole pairs. Holes will be injected into
the graphene channel to participate in a rapid recirculation, and electrons will be trapped
in Te-Si, as shown in the bottom illustration of Fig. lc. The recombination time is
greatly prolonged. Aa a result, the graphene/Te-Si hybrid device obtains a
photoresponse with ultrahigh gain (See Supplementary Figure 5 about more
photoresponse results of the hybrid photodetector and the reference device).

The photoelectric response of graphene/Te-Si photodetector for 1.55 pum light is
shown in Fig. 1d. With the increase of Te-doping, the experimentally measured
photoresponse signal increases, and the largest photocurrent is obtained for the
graphene/1.5% Te-Si device (See the detailed data in Supplementary Figure 6). The
scanning mapping image shows that the photoresponse is primarily contributed from
the integration part of graphene and Te-Si (Supplementary Figure 7). To prove the
broad-band response characteristic, the photoelectric signals were measured when the
radiation wavelength was extended to 2.7 um, which exhibits an excellent repeatability
under different light powers (Supplementary Figure 8). Figure. 1e shows the relevant
photocurrents as a relationship of Te-doping concentration, which is consistent with the
trend obtained at 1.55 pm.

The photoresponsivity can be calculated by Formula (S-1) in Supplementary
information, in which the spot parameters of laser are shown in Supplementary Table
1. The relationship between the responsivity and optical power is shown in Fig. 1f. The
responsivity of the graphene/1.5% Te-Si photodetector is up to 100 A/W for 1.55 um
light, at least 2 orders of magnitude higher than the reference device without graphene,
which reflects the existence of large photogain phenomenon in such hybrid device.
Similarly, the hybrid device can obtain a high responsivity of 16.3 A/W under at 2.7
um, as shown in the inset of Fig. 1f.

Next, the photogain mechanism of the hybrid device is further clarified. According

to the formula of lifetime-gain r](rr,u)zz—rzg-u-v, where 7, is the
t

recombination lifetime, 7, is the transit time of carriers in the channel which is as a
function of channel length L, mobility x, and external bias voltage V 8. Thus, the
measured responsivity (or photogain) of the reference device is low due to the short
carrier lifetime (~picosecond) and low mobility (~56 cm?V-!s™!) of the Te-Si material
2T However, the lifetime-gain can be greatly improved in the hybrid device, by

constructing the heterojunction between graphene and Te-Si. The heterojunction
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provides a barrier to hinder the recombination of photogenerated carriers, and thereby
effectively prolong the carrier lifetime. Meanwhile, the graphene sample has
significantly high mobility of 11218 cm?V-!s! and acts as the transmission channel,
where the photogenerated carriers would transport very fast and conduct multiple cycles
before recombination.

The lifetime-gain mechanism can be verified by characterizing the performance of
the hybrid device under the liquid nitrogen temperature. Figure. 2a shows the
photoelectric response at different temperatures with 1.55 um laser illumination. It can
be seen that the photocurrent increases as the decrease of temperature. Moreover, with
the increase of photocurrent, the falling edge of the response time curve is obviously
extended, which means the recombination lifetime 7, is prolonged to 2.6 s. The inset
in Fig. 2a highlights the variation of photocurrent versus time, which hints that
photocurrent is closely correlated with the recombination life of photogenerated carriers.
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Fig. 2 Characteristics of the hybrid device at low temperature. (2) Photoresponse of the hybrid
photodetector at different temperatures for 1.55 pum light irradiation. The optical power is 60 mW.
(b) Photogain (black) and bandwidth (red) as a relationship of temperature.
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According to the gain formula G = , where QF represents the quantum

efficiency, V' and 4 denote the bias voltage and device area, respectively. It can be
calculated that the gain is 10! at 80 K and 10° at room temperature (300 K), respectively,
as shown in Fig. 2b. The relationship between bandwidth and temperature is also
provided, which proves that the bandwidth is inversely proportional to the gain. Thus,
it is worthy to note that the increase of gain is at the cost of response speed. However,
the response speed of the hybrid photodetector is still 4 orders of magnitude higher than

the Te-Si photodetector (see Supplementary Figure 7). The slow response of Te-Si
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photodetector is because the photogenerated carriers continuously generated under
infrared light can only reach the electrodes by diffusion motion. The fast response speed
of hybrid device can be attributed to the usage of high mobility graphene as a channel
in substitution for Te-Si, which can greatly shorten the transit time t, of carriers.

In addition to the lifetime-gain, the potential-gain is also another important factor
that influences the photogain. When Te-Si is integrated with graphene, a contact
potential 1, will be formed at the interface due to the doping discrepancies *°. To
derive the contact potential, the relationship between the energy band of the
silicon/graphene interface and the position (z) is obtained by solving the Poisson
equation (S-2) in Supplementary information. Figs. 3a and 3b shows the band diagram
of silicon-graphene junction for N = 1x10?° cm™ and N = 1x10!'7 cm 3, respectively.
According to equations (S-3)-(S-5) in Supplementary information, the relationship
between the contact potential and the carrier concentration of silicon and graphene can

be expressed as

2 [@a-s)? 2
Py — S [EE | =0 (1)

2e5N Lt(hvp)?

where n, isthe carrier concentration of graphene, A is the difference of work functions
of the two materials, €, is the dielectric constant of silicon, q is the single-electron
charge, vy is the Fermi velocity, and h is the Planck constant. According to the
derivation above, it is found that the contact potential and depletion width of the
interface can be altered by changing the silicon carrier concentration N (as shown in
Fig. 3b. Furthermore, the variation of depletion region width (w) and contact potential
(yg) with carrier concentration can be calculated, as shown in Figs. 3¢ and 3d,
respectively. It can be seen that with the increase of carrier concentration in silicon, the
depletion region width becomes smaller, and the contact potential would gradually
increase. Moreover, the low carrier concentration (») in graphene is beneficial to obtain
large contact potential. For the case without bias voltage, the contact potential is
equivalent to the built-in potential. The enhancement of the built-in potential will be
more conducive to the separation of photogenerated carriers.

In order to investigate the relationship between carrier concentration and built-in
potential more intuitively, the interface contact model between silicon and graphene is
established, and the distribution of built-in potential is simulated when the silicon

carrier concentration is 1x10%° cm™ (Fig. 3e), 1x10!® cm™ (Fig. 3f), and 1x10'¢ cm™



(Fig. 3g), respectively. It can be seen that with the increase of silicon carrier
concentration, the depletion region becomes narrower, and the built-in potential
increases significantly. It can be found from the simulation results that the built-in
potential can be improved by reducing the carrier concentration of channel material

(graphene) and increasing the carrier concentration of light-absorbing material (Te-Si).
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Fig. 3 Relationship between contact potential and carrier concentration. (a) and (b) Band
diagrams of silicon-graphene junction for N = 1x10?°cm™ and N = 1x10!” cm™3, respectively. (C)
Relationship between the width of depletion zone and silicon doping concentration. (d) Simulated
contact barrier (ys) as a function of graphene carrier concentration (n,) and silicon carrier
concentration (N). (e)-(f) Simulated built-in electric field distributions in heterojunction with
different doping concentration of silicon.

In order to verify the influence of potential factor on gain, the performance of
graphene/Te-Si junction by gate modulation was characterized. The schematic view of
testing configuration is shown in Fig. 4a. Figure. 4b depicts the energy band diagram
of graphene/Te-Si interface without bias voltage, which indicates that the built-in
potential (e®;) is generated by the contact potential (el5). In contrast, when a reverse
bias voltage is applied, more electrons will be injected into graphene and the built-in
potential will be increased to e(®; + V), as shown in Fig. 4c.

The time-dependent photoresponse with different reverse gate biases was
measured, and the response curves related with 1.55 pm and 2.7 um light illumination
are shown in Figs. 4d and 4e, respectively. The photocurrent increases significantly with

the increase of gate voltage. The relationship between responsivity and gate voltage is
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shown in Fig. 4f. The photoresponsivity is enhanced by nearly 7 times by increasing
the reverse bias voltage, which is because that the reverse bias voltage can effectively
improve the built-in potential of the heterojunction. Differently, the positive bias
voltage has a tiny influence on the built-in potential, and consequently, the responsivity
nearly does not change. It can be found that the improvement of built-in potential can
enhance the optoelectronic performance of the hybrid device, and the relevant potential-

gain can be defined as w(Ps(N, ny)).
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Fig. 4 Effect of built-in potential on photogain. (a) Device configuration of the gate-modulated
graphene/Te-Si junction. The source and drain electrodes are connected to the ends of the graphene
channel, and the gate contacts the Te-Si. (b) and (c) Energy band diagrams of graphene/Te-Si
junction when without or with reverse bias voltage, respectively. (d) and (e) Time-dependent
photoresponse for the 1.55 um and 2.7 um light with different reverse gate bias. (f) Relationship
between photoresponsivity and gate voltage.

Overall, this ultrahigh photogain in the hybrid device can be explained by
redefining the optical gain, which is expressed G = n(t,, W) - w(@;(N,ngy)). Two
figure-of-merits, namely the lifetime-gain factor y(z,, ) and the potential-gain factor
w(p;(N,ny)), are specifically proposed to dominate the photoconductivity gain G. We
have demonstrated that the lifetime-gain factor is mainly determined by the
recombination lifetime 7, and the mobility of conduction carriers p, and the potential-
gain factor is mainly influenced by the carrier concentrations N and n, of Te-Si and
graphene

To characterize the noise-related performance, the noise power spectral density of
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the hybrid photodetector and Te-Si device was measured, as shown in Fig. 5a. The noise

power spectral density S(f) of the hybrid devices is obviously smaller. Furthermore,

the noise voltage 1}, was obtained by the formula 1}, = /f;lz S(f) df, where S(f)

IS the noise power spectral density, f1 and f2 are the interval boundaries of the
integral frequency band, as shown in Fig. 5b. We can find that the hybrid photodetector
is around 10 times smaller than the Te-Si device at different bias voltage. More detailed
comparison data can be seen in Supplementary Figures 9, 10 and Table 2. This
phenomenon can be attributed to the defects is inevitably introduced in Te-Si material
in the ion implantation process, which brings in more 1/f noise through capturing or

emitting carriers 3.
Further, the detectivity can be obtained by the formula D* = % x Res, Where R,
n

is the responsivity, R, is the device resistance. The D* of hybrid photodetector can
reach 2.35x10% Jones (@100 Hz, 1.55 pm) at room temperature, and can be improved
to 2.1x 102 Jones at low temperature (80 K). These values are not only 10° times higher
than that of Te-Si photodetector (3.3x107 Jones in Supplementary Table 3), but also
comparable to the classical InGaAs photodetectors (7.4x10'! Jones@ 295K, and
1.5x%10'% Jones@ 253 K) 2. More significantly, the response wavelength of the hybrid
device here can be extended to 2.7 um, which is superior to InGaAs detectors restricted
below 1.7 pm, and D* can reach 2.21x10'! Jones (@100 Hz) at room temperature.
Other photodetectors integrated with graphene and other materials are also compared,
which can prove that the graphene/Te-Si device herein can exhibit competitive
performance in detectivity, responsivity, and response wave band, as shown in Figs. 5¢
and 5d 3%, More detailed comparison data can be seen in Supplementary Table 4. The
outstanding performance of ultrahigh photogain, broad response band, and low power
consumption with facile fabrication, renders the graphene/Te-Si hybrid device a
promising application prospect in a series of fields, such as biological imaging, medical

sensing, and low light level photography 3°4°.

11



@) 1o ) e

—— Graphene/TeSi-1V
r — Te-Si-1V
G 10-9 g -@- Graphene/Te-Si
i P -@-Te-Si
T 4ot 8 g6
> 10 5 10°F
e >
5D o
103 3
z
10—15 L s 10-7 L n 1
1 10 100 1000 1 2 3 4 5
(c) Frequency (Hz) (d) Voltage (V)
Ref.
103 33
ek SWIR ) SWIR B Il
102} i %\ 40 By — _* ® [34]
________________ L S
el * < 10} ! | A el
3 2 ' i 2 10 ’ i
! ! > (] ] : w [35]
3 10y : E 2 g © : : .
& i i s ; | & e
2 S ; 10° ; :
10°F : ; @ ] i j (37]
- | ’ v 10‘3r : :
108} ; E ; 24 i B [38)
500 1000 1500 2000 2500 3000 10500 1000 1500 2000 2500 30004 ..
This work
Wavelength (nm) Wavelength (nm)

Fig. 5 Performance comparison. (a) Comparison of the noise power spectral density between
graphene/Te-Si hybrid photodetector and Te-Si device at the bias voltage of 1V. (b) Noise voltages
under different bias voltages for the hybrid and Te-Si photodetectors. (¢) Detectivity and (d)
responsivity obtained in this work which are compared with those of related devices reported in the
literatures.

CONCLUSION

In this paper, a graphene/Te-Si heterostructure has been proposed and
demonstrated to obtain ultrahigh gain in the SWIR band. The excellent performance
has been proved to relate with the prolongated carrier lifetime and the built-in potential
in the heterojunction. The hybrid photodetector with a high responsivity of 100 A/W
and ultrahigh D* of 2.35%10'% Jones at 1.55 pm has been experimentally proved at
room temperature. Moreover, the fabrication of such heterostructure device is fully
compatible with the silicon-based CMOS process, which paves the way for the

realization of miniaturized high-gain infrared detectors.
METHODS

Device Fabrication
For the fabrication of photodetectors, the lightly p-doped silicon wafer with a
thickness of 380 um was selected as the substrate. A 150 nm thick Te-Si layer with
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epitaxial recrystallization was obtained on the silicon substrate by ion implantation
combined with a pulsed laser melting process [24]. The photoresist AZ3100 was spin-
coated onto the Te-Si layer, and subsequently exposed by photolithography, and
developed in AZ300 solution, leading to the forming of stripe patterns. After that, the
Te-Si layer unprotected by photoresist was etched by sulfur hexafluoride gas, so that
the bottom p-doped silicon was exposed. Lastly, the isolated Te-Si stripe patterns were
obtained by degumming.

The graphene film was synthesized by the chemical vapor deposition method on
Cu foil. Subsequently, the graphene was spin-coated with polymethylmethacrylate
(PMMA) and baked on a hot plate at 150 °C for 10 minutes. A mixed solution of
hydrochloric acid and hydrogen peroxide was used as an etchant to remove the copper
film. Then, the graphene was fished out with the treated substrate and dried, and finally,
the PMMA film was dissolved with acetone.

To fabricate the electrodes, two photoresists, LOR and S1805, were successively
spin-coated on the surface of graphene. After that, the samples were exposed and
developed. Cr film (3 nm) and Au film (50 nm) were sputtered on the surface of
graphene by magnetron sputtering. Electrodes distributed on the lightly p-doped silicon
layer were obtained by dissolving the unexposed photoresist with acetone solution.

A bi-layer (LOR and S1805) photolithography process was used to pattern the
graphene film. After development, the uncovered graphene was removed by using
oxygen etching for about 30 s. Lastly, the graphene channels were obtained by
dissolving the remaining photoresist in AZ400 solution, which conformally cover the

Te-Si stripes and connect with the electrodes

Characterization Methods

The mobility and carrier concentration of graphene was measured by HMS-TT-
MAN Hall effect test system. The noise data were obtained from the noise power
spectral density collected by the noise tester (Shenzhen Liangwei Co., Ltd). The
photoelectric properties at room temperature were measured by Keithley
semiconductor tester (SCS4200) combined with 1.55 and 2.7 pum lasers. The
photoelectric performance at low temperature was acquired by SCS1500 in a liquid
nitrogen refrigeration platform equipped with a 1.55 um laser. The response time was

measured by SCS7510, which can ensure the accurate measurement of optical response
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