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Wavelength-Tunable Multispectral Photodetector
With Both Ultraviolet and Near-Infrared
Narrowband Detection Capability

Li Wang
Jian-Bo Mao, Ji-Gang Hu

Abstract—The development of high-performance
multispectral photodetector with narrowband and tunable
spectral sensitivity is of importance but remains highly
challenging to date. Here, we have reported on the
fabrication of a Si Au/n-type Si/Au photodetector with
tunable narrowband sensitivity not only in ultraviolet
but also in near-infrared region, which is related to the
controlled charge collection narrowing (CCN) mechanism.
What is more, the negative response peak of the device
can be readily tuned from 365 to 605 nm, and the positive
response peak can be modulated from 938 to 970 nm
when the bias varies from 0.1 to —0.1 V. In particular, the
full-width at half-maximum is as small as 92 and 117 nm
when the negative and positive response peaks approach
the ultraviolet short wavelength end and near-infrared long
wavelength end, respectively. The opposite polarity of the
device responses in ultraviolet-visible and near-infrared
regions renders the present Si photodetector potentially
important in future multiple band optoelectronic systems.

Index Terms— Multispectral, narrowband detection,
Schottky junction, Si photodetector, wavelength tunable.

I. INTRODUCTION

ULTISPECTRAL photodetection is very appealing for
various applications, such as visual monitoring [1],
criminal investigation [2], photocommunication [3], and pho-
toplethysmography [4], due to its capability of discrimination
and recognition for targets. While various studies have shown
that multispectral photodetectors can be easily achieved by
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using some heavy and complex optical components, which will
inevitably lead to relatively cumbersome detection systems,
some groups have also reported that multispectral photode-
tectors can be fabricated by integrating devices with multi-
wavelength sensitivity in a single pixel [5], [6]. For instance,
wavelength-tunable multispectral photodetectors have been
achieved by stacking various semiconductor materials with
different bandgaps on an individual substrate [7]. These
devices, however, often suffer from unfavorable lattice mis-
match between different semiconductors and relatively high
fabrication cost due to the use of very sophisticated epitaxy
instruments [8].

Unlike the broadband photodetectors, most of the multispec-
tral detectors are characterized by a narrowband sensitivity
with a small full-width at half-maximum (FWHM) [9], which
can be realized by various approaches. To name a few, reliable
filterless narrowband detection has been achieved by a charge
injection narrowing mechanism [10]-[12] or using photoactive
materials with narrowband absorption [13]-[15]. In addition,
tailoring the specific absorption of organic photoactive layers
through charge collection narrowing (CCN) effect or pattern-
ing metallic nanoantennas onto semiconductor substrate has
proved to be effective to achieve narrowband detection as
well [19]-[22]. Despite these achievements, the majority of the
spectral responsivity of narrowband photodetectors mentioned
above can hardly be tuned by bias voltage [23], even though
it is feasible to tune the spectral responsivity by directly
adjusting the chemical compositions or architectures of the
photoactive layers [24]-[26].

Here, we have demonstrated a wavelength-tunable mul-
tispectral Si photodetector with narrowband sensitivity that
is related to a junction-controlled CCN mechanism (JCCN).
The spectral response of the as-proposed device is controlled
by not only the absorption property of the photoactive layer
but also the junction structures [27], [28], which is different
from that of the CCN effect related devices. It is found that
the as-fabricated photodetector with simple Au/Si/Au metal-
semiconductor-metal (MSM) structure possesses voltage-
tunable response peak, which shows narrowband response
peaks in both ultraviolet and near-infrared regions. Notably,
when the bias decreases from 0.1 to —0.1 V, the negative
response peak of the device can be tuned from 365 to 605 nm;
meanwhile, the corresponding positive response peak can
be tailored from 938 to 970 nm. This new concept device
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will open up new opportunities of the development of other
narrowband photodetectors for future optoelectronic system
applications.

Il. EXPERIMENTAL DETAILS

The multispectral photodetector was fabricated on commer-
cially available double-side polished n-type (100) Si wafer.
After the natural oxide layer of the wafer was removed by
immersing the wafer into buffered oxide etchant solution
(HF:NH4F:H,O = 3 mL:6 g:10 mL) for 5 min, two Au
electrodes (1 x 1 mm?, thickness of 50 nm) were deposited
on both sides of wafer in a high-vacuum electron-beam evap-
oration system [as shown in Fig. 1(a)]. Then, an illumination
area of | mm x 150 xm was defined on the upper surface of
wafer with opaque tape for subsequent photoelectric property
measurement.

Electrical measurements of the device were carried on a
semiconductor characterization system (Keithley 2400). Also,
laser diodes of different wavelengths (Thorlabs, M365L3,
M530L3, and M970L3) were used as light sources. Spectral
response was measured with a lab-built optoelectronic system
consisted of a light source (LE-SP-LS-XE) and monochro-
mator (LE-SP-M300). The intensity of light sources was
carefully calibrated using a power meter (Thorlabs GmbH.,
PM 100D) before measurement. In addition, a laser diode
driver (Thorlabs, DC2200) and an oscilloscope (Tektronix,
TDS2012B) were employed to study the response speed of
the device. All measurements were performed under ambient
conditions at room temperature.

The corresponding simulation of the photogeneration rate
and photon absorption rate in Si substrate was carried out using
Silvaco TCAD. The 2-D structure of n-type phosphorous-
doped (100) Si substrate (5 x 10'* cm™3) with the dimen-
sion of 10 x 200 um? was constructed. Also, grid points
number of ~10000 was chosen to balance the time and accu-
racy of computation. The Shockley—Read—Hall model and the
optical model were adopted for the generation—recombination
processes modeling. A beam of light was introduced to the
upper surface of Si wafer at an incident angle of 90°.

[1l. RESULTS AND DISCUSSION

As shown in the schematic of device [see Fig. 1(a)], the
two identical Au/n-Si Schottky junctions on the upper and
lower surfaces of the n-type silicon wafer are labeled as
junctions 1 and 2, respectively. TCAD simulation results show
that the photogeneration rate under shorter wavelength light
decays rapidly as light goes deep into silicon, whereas longer
wavelength light can produce photogenerated carriers more
evenly [inset in Fig. 1(a)]. Therefore, junction 1 on light
incident surface should prefer to show response to shorter
wavelength light according to the JCCN mechanism, while
junction 2 will be more sensitive to the longer wavelength
light, which can reach its depletion region. This is supported
by the plots of photon absorption rate versus wavelength
at different depths in silicon substrate [see Fig. 1(b)]. The
absorption peak moves from short wavelength to long one
with the increase of depth. Such a depth-dependent absorption
peak is reasonable considering the fact that the absorption
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Fig. 1. (a) Schematic of the photodetector based on Si MSM structure;
Inset: photogeneration rate as a function of incident light wavelength
and depth in Si. (b) Simulated normalized photon absorption rate versus
wavelength at different depths in Si. Energy band diagrams of the device
under light illumination at (c) negative bias (Vsg < 0) and (d) positive
bias (Vsg > 0). (e) Schematic photocurrent of two back-to-back Schottky
junctions versus wavelength under V4 < 0, Voq =0, and Vgq > 0.

coefficient of a semiconductor material is mainly determined
by wavelength of incident light, and the absorption coefficient
of Si corresponding to UV light is at least 2-3 orders of
magnitude larger than that for visible light, according to the
Beer—Lambert law [19]. This sharp distinction in absorption
coefficient for different wavelengths can lead to UV absorp-
tion at very superficial surface of Si wafer, but visible light
absorption at very deep area of the Si [29].

Actually, the photocurrent directions of junctions 1 and 2,
which jointly determine the spectral response of the device, are
opposite to each other [30] [as shown in Fig. 1(c) and (d)]. For
convenience, the direction of junction 2 photocurrent (/yn2) is
set to be positive. When the values of the two junctions current
are equal, there will be a transition point appeared, where
the polarity of total device current begins to change. Fig. 1(c)
shows that negative bias can enhance the built-in electric field
of junction 1 and widen its depletion region [31], with the
depletion region of junction 2 narrowing at the same time and
vice versa [see Fig. 1(d)]. As shown in Fig. 1(b), the wider the
depletion region of Schottky junction, the broader its spectral
response range. When bias changes from negative to positive,
photoresponse of junction 2 will gradually dominate over a
wider wavelength range [see Fig. 1(e)]. Thus, when the tran-
sition point moves from long to short wavelength, it is possible
to achieve narrowband detection of long wavelength under
negative bias, because of the reduction in spectral response
range of junction 2 and the broadening of junction 1 spec-
tral response range. Similarly, narrowband detection of short
wavelength light can be obtained under positive bias.

The relation between the wavelength and bias voltage of
transition point is confirmed by the /-V curves of the device
based on 40 um substrate under illumination of different wave-
length lights [see Fig. 2(a)—(c)]. Unlike O V in dark field, the
bias voltage of the transition point, where the device current
changes from negative to positive, decreases monotonously
from 0.12 to —0.06 V, as the wavelength of incident light
increases from 365 to 970 nm. Moreover, the voltage of tran-
sition point keeps almost unchanged when the light wavelength
is fixed and the light intensity varies in a relatively large
range (107°-10~! W/cm?). This is important to the practical
application of the device based on the JCCN mechanism.
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Fig. 2. -V curves of the device (40 um, 1-10 Q - cm) under (a) 365,
(b) 530, and (c) 970 nm illumination with different intensities. Inset:
corresponding -V curve in the dark. Spectral responsivities of the
devices with Si substrate of (d) 200, (e) 70, and (f) 40 um under bias from
—0.1 to 0.1 V. (g) Wavelength-dependent responsivities of the 40 um
devices with substrates of different resistivity at zero bias. Normalized
(h) negative and (i) positive responsivity absolute values of the device
(40 pm, 1-10 Q - cm) versus wavelength under different biases.

To further shed light on the effect of silicon substrate
thickness on spectral response, the device with thickness of
200, 70, and 40 um was tested [see Fig. 2(d)—(f)]. It is shown
that, as bias voltage increases from —0.1 to 0.1 V, the gap
between the wavelengths of initial transition point (W;) and the
final transition point (Wr) becomes wider with the decrease
of silicon substrate thickness. The transition point can be
adjusted over a larger wavelength range in device of thinner
substrate, which should be caused by the bigger spectral
response overlap of the two Schottky junctions in the thinner
substrate. Thus, different from the broad spectrum of 200 xm
device under most bias voltage, the device of 40 um exhibits
obvious negative and positive peak responses [see Fig. 2(f)].
Furthermore, the wavelength of the positive response peak
at long wavelength end increases with the thickness of Si
substrate under bias voltage of 0.1 V [see Fig. 2(d)—(f)]. This
agrees well with the simulation results of Fig. 1(b). Similar
phenomenon has been observed in narrowband photodetector
of single Schottky junction too [28].

In addition, both negative and positive response peaks show
blue shift as the bias changes from negative to positive [see
Fig. 2(f)]. Similar blue-shift phenomenon can be observed
as well when the doping concentration of silicon substrate
increases [see Fig. 2(g)]. These should be the results of
the relatively improved photoelectric conversion capability of
junction 2 compared with junction 1 [32]. Fig. 2(h) and (i)
shows the negative and positive responsivity absolute values
of the device (40 um, 1-10 Q- cm) versus wavelength under
different biases. It can be seen that the negative response
peak shifts from 605 to 365 nm with FWHM decreasing
from 400 to 92 nm, as the bias voltage increases from —0.1 to
0.1 V [see Fig. 2(h)]. Meanwhile, the positive response peak
moves from 938 to 970 nm with the shrink of FWHM
from 206 to 119 nm when the bias voltage decreases from
0.1 to —0.03 V [see Fig. 2(i)]. It should be noted that the
narrowband detection of 365 and 970 nm light can be readily
switched to by changing the bias voltage.
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Fig. 3.  Narrowband detection performance of the device under the
illumination of 365 and 970 nm at 0.1 and —0.03 V, respectively.
(a) Linear dynamic range of the device. (b) EQE as a function of light
intensity. (c) Relative balance (Vinax — Vimin)/Vmax a@s a function of light
modulation frequency. Corresponding single magnified photoresponse
for determining the rise/fall times at (d) 5 (365 nm) and (e) 50 kHz
(970 nm). (f) Time-dependent photoresponse for about 500 cycles
of operation and after three months storage under ambient condition
(865 nm, 0.1V, 7.53 mW/cm?2; 970 nm, —0.03 V, 0.69 mW/cm?).
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Under the corresponding bias of —0.03 and 0.1 V, the
narrowband detection performance of the device at 970 and
365 nm was further tested, respectively. Limited by the max-
imum intensity of light sources, the linear dynamic ranges
of the device are evaluated to be 70 (970 nm) and 43 dB
(365 nm). A general power law, I, = P?, was used to
fit the dependence of photocurrent on light intensity, where
6 is the empirical value reflecting the recombination of the
photoexcited carriers, I, denotes the net photocurrent (I, =
Dight —laark ), and P denotes the light intensity [33]. The smaller
6 value (0.67) of 365 nm than 970 nm (0.98) indicates that the
detection of 365 nm is more affected by surface recombination,
which should be due to the ultrathin distribution region of its
photogenerated carriers close to light incident surface.

When light intensity decreases, the external quantum effi-
ciency (EQE) of the device increases to 13.6% under the
illumination of 365 nm [see Fig. 3(b)]. Under 970 nm illu-
mination, the EQE value, however, drops sharply from 24.5%
when the light intensity is lower than 2.2 mW/cm?. Based
on the rationale outlined above, the response of 970 nm light
is substantially dominated by junction 2 [see Fig. 1(b)]; its
abnormal decrease of EQE is understandable considering the
sharply increased proportion of photocurrent generated by
junction 1 in the total device current under low light intensity.
Furthermore, high-frequency performance test shows that the
3 dB frequency of the device under 365 and 970 nm illumi-
nation is 5.1 and 52.6 kHz with response time comparable to
that of the broadband photodetector at corresponding spectral
range [see Fig. 3(c)—(e)] [34]-[36]. The narrowband detection
of 365 and 970 nm light exhibits high stability, which can keep
good repeatability even after three months [see Fig. 3(f)].

IV. CONCLUSION

In summary, we have presented a multispectral wavelength-
tunable Si photodetector of simple MSM structure, which
shows obvious peak response in both ultraviolet-visible and
near-infrared regions. The wavelength and FWHM of its
response peak can be tuned effectively in large range under
low bias, especially at short and long wavelength ends.
The long wavelength end of the device spectral response is
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determined by Si substrate and bias voltage. Its narrowband
detection at 365 and 970 nm exhibits good linearity, high
stability, and repeatability. Considering the high compatibility
with Si microelectronic technology and simple architecture
of the device, it should be practical and competitive in
multispectral photodetection.
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