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ABSTRACT: Photodetectors fabricated from low-dimensional materials such as quantum
dots, nanowires, and two-dimensional materials show tremendous promise based on
reports of very high responsivities. However, it is not generally appreciated that
maximizing the internal gain may compromise the detector performance at low light levels,
reducing its sensitivity. Here, we show that for most low-dimensional photodetectors with
internal gain the sensitivity is determined by the junction capacitance. Thanks to their
extremely small junction capacitances and reduced charge screening, low-dimensional
materials and devices provide clear advantages over bulk semiconductors in the pursuit of
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high-sensitivity photodetectors. This mini-review describes and validates a method to

estimate the capacitance from external photoresponse measurements, providing a straightforward approach to extract the device
sensitivity and benchmark against physical limits. This improved physical understanding can guide the design of low-dimensional
photodetectors to effectively leverage their unique advantage and achieve sensitivities that can exceed that of the best existing

photodetectors.
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B INTRODUCTION

Low-dimensional materials including quantum dots, nanowires,
and two-dimensional (2D) materials have been extensively used
to fabricate photodetectors operating at wavelengths ranging
from UV to infrared.'~* The peculiar electro-optical physics of
these materials and the related devices provide mechanisms to
realize large internal gain, thereby enabling large photo-
responsivity. The responsivity R of a photoconductive detector
is defined as the ratio of the output photocurrent to the input
optical power, and is proportional to the internal gain f3:

Aq
R=—
hcl7 (1)

where q is the electron charge, hic/A is the energy of the incoming
photons, and # is the internal quantum efficiency. Thus,
maximizing the internal gain maximizes the responsivity, which
is often considered an end goal.

It is true that signal amplification within the photodetector
material, i.e. internal gain, is necessary in applications where the
goal is detecting small optical powers, since the signal level needs
to be raised well above the noise of the read-out electronics in
order to achieve detection with high signal-to-noise ratio (SNR).
For most such applications, however, sensitivity and detectivity
are the key performance metrics because they describe the
detection efficiency at a system level. The sensitivity describes
the smallest signal that can be detected, and a useful measure of
the sensitivity is the noise-equivalent power (NEP), which
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represents the smallest incident power that can be detected with
an SNR = 1:7°
I

NEP = =
R )

where I is the rms noise current. By convention, the NEP is
often reported in units of W/+Hz for a fixed reference
bandwidth of 1 Hz.” The specific detectivity is simply the inverse

of the NEP, normalized to the square root of the area A and
bandwidth (BW) of the detector:

JABW
NEP (3)

It is important to point out that specific detectivity as a
detector figure of merit was constructed to enable comparison of
the ultimate performance limits of different bulk materials, and is
not a reliable relative indicator of detection performance when
the region of illumination is larger than the size of the responsive
region. As such, we do not recommend the use of specific
detectivity as a performance figure of merit for detectors based
on low-dimensional and nanoscale materials, where the
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characteristic dimensions of the detectors are typically smaller
than the wavelength of light, since normalizing to a
subwavelength detector area can produce misleading and
exaggerated specific detectivity values. An effective measure of
the sensitivity of a detector is the noise-equivalent number of
photons, NEPh, defined as the smallest number of photons that
can be detected in one acquisition with an SNR = 1: detectors
with NEPh < 1 are designated single-photon detectors
(SPD).”* Unlike the NEP, the NEPh takes the dynamics of
the detector into account and is normalized to the energy of the
detected photons:

— L= Tine
he/ 4 qnp (4)

where T, the integration time of the readout circuitry.

A review of the research literature on low-dimensional
photodetectors suggests that a large responsivity is commonly
conflated with a high sensitivity, when in fact a focus on
maximizing responsivity may actually reduce the sensitivity.”'* It
is evident from eq 4 that a high gain (or responsivity) only
improves sensitivity as long as it does not simultaneously affect
the noise and bandwidth of the device. Indeed, while several low-
dimensional detectors with record-high responsivities have been
reported, none of these devices has yet surpassed the
performance of bulk photodetectors on the key metric of
sensitivity.’~” In this mini-Review, we identify common gain
mechanisms in low-dimensional photodetectors, derive the
design principles that maximize the sensitivity, and validate the
approach by benchmarking prior reports in the literature. We
confirm the promise of low-dimensional materials for high
sensitivity photodetectors and provide a path to realize the limits
of performance.

B GAIN MECHANISMS IN LOW-DIMENSIONAL
PHOTODETECTORS

While low-dimensional detectors employ a variety of amplifica-
tion mechanisms,'" the vast majority can be understood as
transistors, particularly floating-base junction®'? or floating-gate
field effect'™'* phototransistors. In such detectors, light
modulates a space charge region (SCR) that acts as a barrier
to the transport of majority carriers. The SCR is induced by
charge transfer at a heterointerface, such as a type-II semi-
conductor junction'>'® or Schottky junction,” or at any surface
with occupied defect states.'® Upon absorption of a photon, an
electron—hole pair is generated and the minority carrier
migrates to SCR, modifying the concentration of fixed charge
in the trap states. The reduction in the barrier to majorit?r carrier
transport produces a large increase in current.”'” This
amplification mechanism has been reported for a large number
of photodetectors with gain based on low-dimensional
materials. > >~ 718

As an example, Figure 1 shows a schematic representation of
typical gain mechanisms in nanowire detectors. In Figure 1la,
surface trap states create a depleted SCR that extends into the
bulk of the nanowire, narrowing the conductive channel across
the nanowire axis. Photogenerated minority carriers (holes in
this case) migrate to the surface, occupying the trap states and
decreasing the depletion width of the SCR, thereby increasing
the size of the conductive channel and triggering a large
photocurrent. A similar mechanism is observed in core—shell
nanowire structures, where the SCR is created by the radial
heterojunction.””” These devices can be modeled as floating-
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Figure 1. Schematic diagram of the gain mechanisms in nanowire
detectors. (a) Nanowire detector with surface depletion. (b) Nanowire
detector with a Schottky potential barrier.

gate field effect transistors in which the modulation of the width
of the SCR changes the conductance of the detector.”'” In
Figure 1b, the interface between an n-type nanowire and the
electrode forms a Schottky barrier, which limits the flow of
electrons. Here too, the photogenerated minority carriers
(holes) accumulate in the SCR generated by the metal—
semiconductor junction and lower the potential barrier, greatly
increasing the flow of majority carriers (electrons), similarly to
the gain mechanism of heterojunction phototransistors.'” It is
worth noting that both mechanisms may coexist in nanowires
detectors, with the dominant of the two contributions
depending on the device design.”””!

While Figure 1 depicts the gain mechanisms in nanowire (1D)
photodetectors, similar gain mechanisms are also observed in
detectors fabricated from 0D and 2D materials. In 2D materials,
the potential barrier modulated by photogenerated carriers is
typically created at the contact electrodes™” or at heterojunction
interfaces between different 2D materials.'> Quantum dots (0D)
photodetectors serve to localize (trap) photogenerated charges,
which then modulate the transport of free charge carriers. To
fabricate photodetectors, quantum dots are often formed into
photoconductive films, serving as photoconductors, photo-
diodes, or the channel of phototransistors; here, the photo-
conductive gain is created by the modulation of the flow of the
majority carrier by the trapped photogenerated minority
carriers.”’ Alternatively, quantum dots are employed to
photosensitize a semiconducting supporting layer, forming a
photovoltage field effect transistor.'”'*'* As such, most 0D
detectors are actually “mixed-dimensional”, since they either
form photoconductive films or couple to 2D films or bulk
semiconductor devices.
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It is also important to note that unlike in conventional
semiconductor devices, the geometry of the SCR in detectors
based on low-dimensional materials can vary significantly
depending on the influence of defects and trap states. As
showcased in Figure 1, an SCR can be induced at the surface by
the occupation of surface states, as well as at a heterojunction
interface by both band offsets and interface states. Because the
surface-to-volume ratio of nanoscale materials is drastically
higher than that of conventional photodetectors, charged
surface states often control the dynamics of the SCR, therefore
governing the above-mentioned gain mechanisms.'” As a result,
a comprehensive characterization of the density and occupation
of the trap states at the surfaces and interfaces as well as the band
alignment at the junctions is required in order to analytically
calculate the SCR capacitance of detectors based on low-
dimensional materials.”**** This characterization is often
complicated, costly, and prone to errors. Alternatively, for a
substantial fraction of reported photodetectors with gain based
on low-dimensional materials, the SCR capacitance can be
estimated from other device characteristics, as we will discuss in
detail in the following sections.

B SENSITIVITY OF LOW DIMENSIONAL
PHOTODETECTORS

For these low-dimensional detectors employing a gain
mechanism analogous to that of phototransistors, the
capacitance of the SCR (Cgcr) relates the magnitude of the
change in barrier potential induced by the accumulation of a
given number of photogenerated spatially localized charges, and
is therefore the key parameter governing the device
amplification and sensitivity. Cscy is related to the response
time of the detector, 7, which is well approximated by the RC
time constant of a floating-base or floating-gate photo-
transistor.' >/

7 & 13Cscr ()

where rq is the dynamic resistance of the photodetector, defined
as rg = dV/dL”” For the case of a heterojunction photodetector
in low-light conditions, such as when sensing a small number of
photons, r4 can be expressed as rq = V,/ip, with V, = kT/q the
thermal voltage, and iy, is the internal dark current before
amplification, related to the measured external dark current I, as
in = In/B.” Similarly, for the case of floating-gate field effect
phototransistors, where the gate cannot be reset externally, the
dynamic resistance is governed by the gate leakage current i, i.e.
rq = ‘/t/ iL'

Notably, the response time of a photodetector is governed by
a series of device properties, such as capacitance, dynamic
resistance, recombination rate, and gain, where the dominant
contribution determining the speed of the device depends on the
device architecture and material properties.”® While the
response time of most photodetectors with high-sensitivity is
RC-limited, other factors can limit the device speed. As an
example, there are several reports of slow detectors with high
gain, enabled by long-lived traps in 2D materials." However, we
note that the definition of sensitivity as the NEPh incorporates
the device response time, which naturally implies that extremely
slow single-photon detectors could only operate at unrealisti-
cally small photon fluxes. In addition, at a given sensitivity, a
slower detector must have a lower dark current than a faster
detector. To connect with practical applications, the formulation
presented here assumes a detector response time determined by

the RC time constant, which we believe to be the optimal design
point for realistic applications requiring high sensitivity.

The bandwidth of a detector determines its noise contribution
to sensitivity, as shown in eqs 2 and 4. Assuming shot noise-
limited detector operation, the noise can therefore be expressed
as a function of dark current, gain, and Cgcg.”* This enables one
to solve eq 4 for the NEPh and to express the detector sensitivity
in a simple form that illuminates key design principles:*®

C
NEPh = 2|1 + 1 4 4q—R
n Co (6)

where C, = q/V, is the fundamental thermal capacitance, and the
parameter @ is unity for the case of floating-base bipolar
phototransistors and a = ip/i; for floating-gate field effect
phototransistors. Notably, for most photon counting applica-
tions, such as photon arrival statistics and quantum
communication, the Poisson noise related to the photons
random arrival time is decoupled from the detector noise and,
therefore, typically neglected in the sensitivity estimation.” This
in turn leads to a modified expression for eq 6:

NEPh = 1/5,/4aCqcg/C,. While the application will dictate

which expression for the detector sensitivity is most appropriate,
we note that the two expressions closely match for NEPh > 1
but deviate significantly near NEPh = 1.

Equation 6 shows that the sensitivity can be maximized by
decreasing the SCR capacitance and increasing the quantum
efficiency. Low-dimensional materials offer an unparalleled
avenue toward detectors with extremely low capacitance and
therefore high sensitivity. This is in part owing to the
characteristic nanoscale dimensions enabling very small junction
cross sections, such as in nanowires”' and lateral-junction thin
film detectors.””” In addition, the electrostatics of charge
screening in low-dimensional structures considerably extends
the SCR region beyond the corresponding depletion width in
bulk materials,*”’" hence contributing to reducing the junction
capacitance. Figure 2 showcases the advantage of low-dimen-
sional materials for photodetection: decreasing the diameter of
nanowires (1D) or the thickness of 2D materials enables
significant improvements in sensitivity. Here, Cgcy is estimated

102

n-NEPh

10!

100 .
100 10! 102
Low-dimensional feature size (d) [nm]

Figure 2. Sensitivity of low-dimensional photodetectors (1D and 2D)
compared to bulk (3D). Sensitivity is expressed in NEPh multiplied by
internal quantum efficiency, as a function of the low-dimensional
feature size d (i.e., thickness for 2D materials, diameter for nanowires).
The solid lines represent the sensitivity at 300 K, while the dashed lines
represent the sensitivity at 77 K. The lateral dimension is S ym, the
doping 1e19 cm™, and the voltage bias 2 V.
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Figure 3. Response time and internal dark current of detectors based on 0D (diamonds), 1D (squares), and 2D (circles) materials. Dashed lines
represent constant SCR capacitance, and hence constant sensitivity lines. The three dashed colored lines represent the validated values of the

capacitances of the devices of the corresponding color.

Table 1. Device Parameters Used in the Calculations for Figure 3, Including Estimated Capacitance and Sensitivity”

ref 7 [s] I [A] Gain ()
33 8.0 x 1077 2.0 x 10°
5.6 %1072 12 % 1077 34 % 10°
2.0x 1072 2.6 x107° 1.4 x 10
10 1.0 X 1072 3.5%x1073 1.0 X 108
29 6.0x 1073 20x%x 1078 2.3 x 10*
35 1.0 X 10 20x 1071 1.9 x 10*
36 4.6 %1072 1.0 X 10713 8.5 x 10°
37 1 1.0 x 10713 2.7 % 10°
38 2.6 x 1072 1.0 X 1078 8.4 x 10*
39 5.6x 107! 20x 1071 2.6 X 107
40 1.8 5.0x 1078 1.4 x 10°
41 1.3 x 107! 47 %1078 2.3 x 10*
42 1.1x107™* 12x107° 13
43 1.8 X 1072 2.0x 1071 1.6 X 103

Cscr-model Area [pm’] Cscr—geom: - NEPh
~5S1 fF — — ~180
~7S pF - - ~7000
~150 pF - - ~9800
~13 pF - - ~2900
~200 fF 6 X 10 ~370 fF ~ 360
~410 pF - - ~1.6 x 10*
~21 aF - - ~4.8
~1.4 fF 0.5X2 ~0.89 fF ~ 31
~120 fF 0.8 X 100 ~92 fF ~280
~17 aF - - ~4.4
~2.5 pF - - ~1300
~9.9 pF - - ~2500
~3.8 nF 500 X 158 ~2.4 nF ~5 x 10*
~85 fF - - ~240

. 29373842
“For a few devices,

the SCR capacitances estimated from the geometric junction data are compared to those extracted using the model.

by using a parallel plate capacitor approximation and employing
the model proposed by Ilatikhameneh et al.’' to calculate the
depletion thickness of the SCR for all three different
dimensionalities. The sensitivity is then determined from Cgcg
using eq 6. For the typical conditions simulated in Figure 2 (10"
cm ™ doping concentration and 2 V bias), as an example, low-
dimensional materials can enhance the sensitivity of up to 2
orders of magnitude over bulk, thanks to the combined effect of
the reduced junction cross section and enhanced charge
depletion in the SCR.

Obviously, reducing Cscy in low-dimensional materials may
come at the cost of a decrease in quantum efficiency due to the
smaller absorbing volume, highlighting a key design trade-off in
this class of photodetectors, as we will discuss below.

As discussed above, the SCR in low-dimensional materials is
profoundly affected by the presence of traps, as showcased in
Figure 1, and the concentration of defects at the surface and
interfaces, as well as the band alignment at the junctions play a
crucial role in determining the value of the SCR capaci-
tance.””” As such, it is extremely beneficial to be able to
estimate the value of this capacitance from measurable device

parameters, without the need to investigate the internal
structure and composition of the detectors. By rearranging the
expressions for the RC time constant and dynamic resistance,
the SCR capacitance can be expressed in terms of easily
measured parameters:

I,

pav; ()

Cscr =

The sensitivity of a detector can therefore be estimated from its
response time, dark current, gain, and operating temperature.
Some of these metrics are often included in reports of detector
performance, yet comparisons can still be misleading in the
absence of a quantitative evaluation of their combined impact on
the device sensitivity. The assumption that high gain leads to
high sensitivity is one such example. Furthermore, because it is
challenging to directly measure the sensitivity or the SCR
capacitance, they are not frequently reported—or correctly
characterized—in the literature.” In contrast, eq 7 allows one to
estimate the sensitivity from easily measured device parameters
like dark current, gain, and response time. As an example, a
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simple and effective method to derive the internal gain of a
photodetector is from its noise spectrum.’”~** Notably,
measuring the noise floor of a detector is an especially accessible
measurement when such noise is amplified by gain, such as in
these cases.

The immediate utility of this approach is demonstrated in the
comparison of the sensitivity of photodetectors based on
different low-dimensional materials in Figure 3; plotting
sensitivity in terms of NEPh multiplied by internal quantum
efficiency also enables direct comparison with state-of-the-art
technologies. Here, eqs 6 and 7 are used to compare the
performance of more than a dozen devices representing three
types of low-dimensional detectors: diamonds indicate 0D
detectors, > squares indicate 1D detectors,”>*™*! and circles
indicate 2D detectors.”'”*”**** The dashed lines represent the
relationship between response time and internal dark current for
constant SCR capacitances defined in eq 7. According to eq 6,
each of these lines also corresponds to a specific value of NEPh
at room temperature, for a given quantum efficiency. The
specific device parameters used in these calculations are
presented in Table 1.

Figure 3 showcases the ease of quantitatively comparing the
performance of detectors based on different low-dimensional
materials and designs, using only the device external parameters
according to eqs 6 and 7. For example, the detectors reported in
refs 29 and 1 have similar levels of sensitivity, despite the first
having a gain around 300 times lower than the second, while
being almost 4 orders of magnitude faster, at the same dark
current. This comparison also exemplifies a situation where
higher gain does not lead to higher sensitivity, as discussed in the
previous sections.

To showcase the efficacy of the proposed approach, we also
show in Table 1 that the capacitance values estimated from the
geometric junction characteristics using a parallel plate capacitor
approximation (CSCR_geom.) are in relatively good agreement
with the capacitance values estimated using eq 7 (Cscromodel)-
For three of the devices®”*”** in Figure 3, enough information
on the geometrical and material properties of the junctions was
provided (or could be inferred from scanning electron
microscopy and other characterization techniques) to enable
direct estimation of the SCR capacitance. The details of the two
methods for estimating the SCR capacitance are shown in Table
1, where the geometric estimation of the capacitance, Cscr_geoms
is compared with Cgcp_poqer calculated from the response time,
dark current, and gain, according to eq 7. Despite the rough
parallel plate capacitor approximation employed, the two set of
values are in reasonably good agreement for values of Cgcp
spanning over 6 orders of magnitude, demonstrating the validity
of our proposed approach. Notably, no geometric estimation of
the SCR capacitance has been performed for 0D detectors: as
mentioned above, most reported 0D detectors are actually
“mixed-dimensional”, either forming photoconductive films or
coupling to 2D films or bulk semiconductor devices.'”'*** This
case demonstrates the challenges of developing a single
approximation of the geometric capacitance that is appropriate
for all types of low-dimensional photodetectors, showcasing the
advantage of the approach presented here for estimating the
capacitance of the SCR from measured device parameters.

In addition, it is interesting to note that since speed and the
internal dark current are proportional in photoconductors, then
external factors that affect either of these, such as changes in
temperature, environment, or optical biasing, will cause the
device data point in Figure 3 to translate along a line of constant

sensitivity (i.e., parallel to the dashed lines) according to eq 7. An
example of this effect is offered by the behavior of the response
time of a ZnO nanowire detector reported in ref 44 when
operated in vacuum compared to in ambient air. Here, the ratio
of the detector gain in air to that in vacuum is f,, ./ f,;. & 700, and
the ratio of the external dark currents is only I, /I, =~ 34

As a result, the ratio between the internal dark currents
ip /in =1Ip /I B /B, =~ 2400. By rearranging the terms
in eq 7, our model enables estimation of the ratio between the
response times in the two conditions, as
ip /ip = Ty/ Ty = 2400. Indeed, from the direct photo-

air

response measurements, the ratio of the response times in the
two conditions is around 5 X 10%* which is in fairly good
agreement with that estimated by the model.

In summary, the simple model proposed in eq 6 shows that
the sensitivity of low-dimensional detectors can be increased by
making the SCR capacitance as small as possible and by
increasing quantum efficiency. Furthermore, the model provides
researchers with a powerful tool for the design of novel high-
sensitivity photodetectors based on low-dimensional materials.
The recommended iterative design approach is as follows:

1. Measure the dark current, response time, and gain of a set
of detector prototype devices.

2. Use these measured device parameters to estimate the
value of the SCR capacitance of the devices from eq 7.

3. Extract the internal quantum efficiency from an
appropriate characterization of the photoresponsivity of
the devices (as discussed below).

4. Estimate the sensitivity of the detectors from the SCR
capacitance and internal quantum efficiency, using eq 6.

S. Apply the insight gained on the sensitivity of the devices
to guide the design of an improved set of prototypes, and
reiterate the process.

Significantly, eq 6 also highlights a key design trade-oft:
smaller detectors tend to have lower quantum efficiencies due to
the smaller overlap of the incident optical modes with the small
detector volume. In general, all detectors with characteristic
sizes smaller than the wavelength of photons are confronted by
severe limitations in light absorption.”** In order to optimize the
detector design for maximizing sensitivity, it is therefore crucial
to combine the estimation of the SCR capacitance described by
eq 7 with an accurate characterization of the detector quantum
efficiency. In particular, internal quantum efficiency can be
extracted from appropriate calibrated photoresponsivity meas-
urements'”'#*> that avoid errors such as normalizing the
illumination power to a subwavelength detector area, as these
might result in artificial enhancement of the detector perform-
ance. Finally, a number of proposed light coupling enhancement
strategies can help overcome this intrinsic trade-off, provided
that they can maintain a high quantum efficiency in
concentrating the light into subwavelength detectors.**™*

B CONCLUSION

This work offers a unified approach to guide the design and
development of high-sensitivity photodetectors based on low-
dimensional materials. For low-dimensional detectors employ-
ing gain mechanisms analogous to that of phototransistors, the
total capacitance of SCR is the key factor in determining the
sensitivity. This capacitance can be estimated from external
photoresponse measurements, providing a straightforward
approach to extract the device sensitivity. The present study
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focuses on highly sensitive detectors for low-light applications,
where the goal is to reliably detect a small number of photons.
Detectors based on low-dimensional materials exhibit enormous
potential owing to their intrinsically small junction capacitances,
but it is essential to concomitantly implement strategies to
improve light coupling and quantum efliciency. Finally, we note
that low-dimensional detectors are attractive for other perform-
ance characteristics beyond sensitivity, including the potential
for low-cost fabrication as well as their ease of integration on
hybrid and unconventional platforms.
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