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In this work, we report on the bias-tunable and highly sensitive irradiance-dependent focus-induced
photoresponse (FIP) in amorphous silicon p-i-n diodes for enhanced three-dimensional imaging appli-
cations. We identify a nonlinear current breakdown at irradiance down to at least 0.6 μW/mm2 due to
defect-induced electrical field screening, surpassing state-of-the-art device sensitivities by at least a factor
of 16 in the visible range. We further demonstrate the tunability of FIP by systematic device and field engi-
neering to enable both precise and long-range high-resolution distance measurements in just one device
architecture. We evaluate distance measurements up to at least 15 m and achieve a depth resolution of
2.1 mm at 3.3 m. The reproducible low-temperature (300 °C or lower) plasma-enhanced chemical vapor-
deposition technology enables systematic tailoring of the FIP for three-dimensional imaging applications
and allows for back-end sensor integration on top of silicon or flexible electronics with fill factors up
to 100%.
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I. INTRODUCTION

A huge and growing number of applications, such as
scene detection for autonomous driving [1], smart manu-
facturing instrumentation [2], augmented and virtual real-
ity [3] as well as three-dimensional entertainment [4]
benefit from simple, precise, fast and high-resolution three-
dimensional imaging components. Therefore, a wide range
of distance sensors and three-dimensional imaging tech-
niques have been developed in the past. Most common
systems are based on the time-of-flight principle, such
as silicon- or two-dimensional-material-based photonic
mixer devices [5,6] or light detection and ranging concepts
[7]. Both techniques rely on high-intensity light sources,
complex readout mechanisms, and device architectures.
Dynamic vision also requires complex data acquisition and
interpretation [8].

Focus-induced photoresponse (FIP) is a promising and
sensitive three-dimensional imaging technique exploiting
the nonlinear, irradiance-dependent current response in
photonic devices [9]. This technique allows for a simple
sensor readout enabling high data rates, a scalability with
fill factors up to 100%, and precise (micrometer-range) and
long-distance measurements with fluences in the visible
range of, up to now, at least 10 μW/mm2 [9]. Exploiting
visible light in prospective FIP-based high-performance
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three-dimensional camera systems potentially enables sim-
ple scene detection with environmental light. FIP has
been demonstrated in various thin-film devices including
PbS photoconductors, organic dye-sensitized solar cells
based on mesoporous TiO2 and spiro-MeOTAD, amor-
phous solar cells, and organic photodetectors with BDP-
OMe:C60 containing a significant number of defects within
the mobility gap [9–11]. The mechanisms causing a non-
linear photoresponse vary widely and depend on mate-
rial compositions and device architectures. Besides charge
carrier trapping and photoconductivity variations [12,13],
local resistivity changes, for example in PbS photocon-
ductors shown in [9], result in a responsivity breakdown.
The classical saturation of defect states can lead to an FIP
effect with a positive sign (i.e., increasing irradiances lead
to higher photocurrents). This effect will hold true for a
wide class of disordered or defect-dominated photodetec-
tor materials. Since there is only a need for a nonlinear
detector output, all formerly presented FIP devices and
architectures in general can be used for distance measure-
ments. Therefore, the shape of the nonlinearity and the
minimum irradiance define achievable depth resolutions
and distances.

Hydrogenated amorphous silicon (a-Si:H) has the
advantage of scalable fabrication on top of silicon com-
plementary metal oxide semiconductor microchips due to
the low deposition temperature utilizing plasma-enhanced
chemical vapor deposition (PECVD) [14]. The manufac-
turing technique also allows the properties of the devices,
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such as defect densities and their energetic positions [15],
to be adjusted precisely and with a high degree of repro-
ducibility. Additionally, the a-Si:H technology benefits
from long-term device stability compared to dye-sensitized
and organic devices [16,17].

In this work, an irradiance-dependent breakdown
of the overall current of two fundamentally different
a-Si:H photodetectors has been systematically investigated
and studied. Electro-optical simulations clearly reveal
the physical cause of the nonlinear current breakdown
and allow us to predict, model, and optimize a-Si:H
FIP devices. Based on the simulation results, sensor
structures with different thicknesses and material prop-
erties have been designed and fabricated by varying
PECVD process parameters. Irradiance and bias voltage
Vbias dependencies on FIP detectors have been studied
comprehensively to validate functionalities and to assess
quantitative performance advantages compared to earlier
demonstrations. Finally, distance measurements based on
the z-scan photoresponse have been modeled to conduct
and to quantify the performance for three-dimensional
sensing applications.

II. METHODS

Z-scan current measurements were modeled utiliz-
ing a Gaussian beam profile as illumination source to
define spot dimensions and the resulting photon flux
on the device surface by keeping the total light power
constant. The photon flux serves as an input for electro-
optical simulations using AFORS-HET [18]. The simu-
lations take illuminated and nonilluminated areas on the
sensor surface into account. Detailed information about

electro-optical simulation procedures is given in the Sup-
plemental Material [33].

a-Si:H thin-films were deposited by PECVD at tem-
peratures below 300 °C in a hot-wall MVSystems multi-
chamber deposition system on precleaned glass substrates.
Transparent and conductive oxide front and back contacts
were sputtered in a radio frequency hot-wall sputtering
reactor at 13.56 MHz. The devices were structured using
standard UV lithography, mounted in dual-inline chip car-
riers and contacted via wedge bonding [cf. Fig. 1(a)].
Further fabrication details are given in the Supplemental
Material [33] as well as in Ref. [19].

Growth rates and thin-film thicknesses of amorphous
silicon and contact layers were characterized by cross-
sectional backscatter scanning electron microscopy (SEM)
imaging using an FEI Quanta 250 environmental scan-
ning electron microscope (ESEM, beam energy 20 keV,
50 Pa nitrogen atmosphere for charge compensation) [cf.
Fig. 1(b)]. The clean cross-section was prepared by cleav-
ing after 2 min cooling in liquid nitrogen. Total device
thicknesses were thoroughly validated by a Bruker Dektak
XT profilometer.

Z-scan measurements were performed utilizing a con-
focal laser scanning microscope (Nikon TE300 and Nikon
PCM2000, numerical aperture NA = 0.6) in combination
with a 488-nm laser (JDS Uniphase, 10 mW CW) in front
of the scanning unit. To achieve precise z-positioning, the
microscope lens was moved relative to the detector. Detec-
tor currents were digitized using a FEMTO DLPCA-200
I -V converter in conjunction with an 8-bit video frame-
grabber as the digitizing unit of the Nikon PCM2000. The
total optical power on the detectors was adjusted by opti-
cal filters and determined by a crystalline silicon detector

1.4 μm a-Si:H

120 nm ITO

120 nm ITO

2 µm

Sample A

2 mm

Sample A

Glass substrate

(a) (b)

FIG. 1. (a) Photograph and (b) geometrically corrected cross-sectional ESEM micrograph (after FIB cross-sectioning) of an a-Si:H
p-i-n FIP photodetector, here shown for sample A with indium tin oxide (ITO) contacts.
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(Hamamatsu S1337-33BQ). Bias voltages were provided
by the I -V converter.

III. RESULTS AND DISCUSSION

The z-scan technique is a well-established method to
quantify and characterize optical nonlinearities in solids,
liquids, or solutions [20], by adjusting the distance z of the
focal plane of a laser and the sample surface and measuring
optical transmission changes. In this work, we adapt this
approach and quantify the total current response of a-Si:H
p-i-n-photodiodes for different irradiances by keeping the
total light power constant and varying the photodetector
position with respect to the focus.

In the past, it was observed that the responsivity of
a-Si:H solar cells with a thickness of 500 nm increases
near the focal plane [9]. Such a nonlinear responsivity
enhancement coincides with the results presented in [21],
where a degradation in transmission and an increase in
absorption of bare a-Si:H thin films near the focal plane has
been reported. Such observations could be attributed to a
defect saturation associated with an increase in conductiv-
ity and photoresponsivity at higher irradiances. However,
the simulation and measurement results presented in this
work extend earlier observations and reveal that electric
field screening due to charge carrier trapping in defect
states is the dominant origin in a-Si:H p-i-n diodes thicker
than 500 nm for a nonlinear FIP response, which manifests
itself as a nonlinear decrease of the total device current at
a photon flux around 1015 photons/cm2s.

A. z-scan photoresponse simulations

An electro-optical model of the z-scan photoresponse
was developed to conduct simulations by adapting the
AFORS-HET software [18]. The simulations were exe-
cuted for two different a-Si:H p-i-n diode structures (sam-
ples A and B) by varying the photon flux as a result of
the z-scan displacement. All simulations were conducted
at four different photon fluxes (cf. Table I) and a fixed bias
voltage of 0 V to eliminate noninternal influences on the
electric field.

The samples primarily differ in their thicknesses and
defect densities of the intrinsic (i) layer and were optimized

TABLE I. Simulated illumination scenarios including the pho-
ton flux as simulation input, corresponding irradiance and
z-position of the detector.

Illumination
state

Photon flux, φ

(photons/cm2s)
Irradiance
(W/m2)

z-position
(nm)

Dark φ0 0 0 ∞
Low φ1 1015 4.07 26
Moderate φ2 1017 407 2.6
Intense φ3 1019 40 706 0.26

towards a broad (sample A) and steep, intensified bias-
tunable FIP (sample B). In the developed simulation
setup, photon fluxes of a 488-nm monochromatic light
source were converted to the appropriate z-positions.
Further details on the electro-optical simulation routine
and the sample structures are given in the Supplemental
Material [33].

Among other internal statistics and parameters, the sim-
ulation software provides information about the electric
field distribution, local charge carrier densities of free and
trapped charges Qtr (tr stands for trapped), and the energy
band diagram including the quasi-Fermi levels of holes Efp
and electrons Efn, respectively. Due to the large amount
of defects within the mobility gap, the amount of trapped
charges in a-Si:H is comparatively high and dominates the
total space charge ρ over a wide range of low and moderate
illumination intensities [22]. Following Poisson’s equation

∇E = ρ

ε
, (1)

the internal electric field E increases with a net hole-
trapping space charge ρ+ and decreases with a net
electron-trapping space charge ρ−. Here, ε is the permit-
tivity of a-Si:H.

In order to further understand the trapping mechanism
within the device, the band structure including the quasi-
Fermi energies in conjunction with the density-of-state
(DOS) distribution across the intrinsic layer were ana-
lyzed. The locally occupied states can be described con-
sidering the defect concentration distribution NA,D(E) and
the Fermi-Dirac occupation function fn,p(E) [23]

nt =
∫ EC

EV

NA(E) · fn(E)dE and

pt =
∫ EC

EV

ND(E) · fp(E)dE. (2)

1. Sample A (li-a-Si:H:1526 nm)

Figure 2 shows the energy diagrams of sample A across
the 1526-nm-thick intrinsic layer for φ0, φ1, and φ2 (a)
and for φ0, φ2, and φ3 (b). Figures 2(c) and 2(d) show
the corresponding energetic DOS distributions, including
the position of the quasi-Fermi energies along the intrinsic
layer.

In the dark state, the Fermi energy EF remains con-
stant and does not split into Efn,n [cf. Figs. 2(a)–2(c)]. It
is important to evaluate the position x within the intrin-
sic layer of equally trapped electrons and holes in defects,
as this position indicates a turning point of the electric
field. Physically, this value depends on the energetic posi-
tion of Efn,n and the DOS distribution of the material.
In the dark state (φ0), this position can be determined
to be x0 = 780 nm within the device, obtaining a max-
imum of the electric field [cf. Fig. 3(c)]. Figures 3(a)
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FIG. 2. (a) and (b) Simulated energy band diagrams and [(c) and (d)] density of state distributions within the mobility gap for sample
A at varying photon fluxes at 488 nm. (c) and (d) The corresponding quasi-Fermi energies of electrons and holes have been included
across the intrinsic layer position xi to illustrate photo-induced charge-carrier trapping in the tail-state defects ND,tail and NA,tail and
dangling bond defect states ND,DB and NA,DB at different illumination scenarios.

and 3(b) present the concentration of electrons, holes, and
net trapped charge carrier density. The total net charge car-
rier density Qt which is dominated by the charge trapped
in defect states Qtr, changes its type from holes in the
front to electrons in the device back at the position x0 [cf.
Fig. 3(a)]. Without illumination, the density of free holes
and electrons is comparatively small. The simulated elec-
trical field coincides with Crandall’s uniform field theory
[24] employing modified boundary conditions.

At higher irradiances, the number of photoinduced
charge carriers automatically increases. Therefore, the
Fermi level splits into Efn,n as shown in Fig. 2. The quasi-
Fermi energies of electrons and holes do not split sym-
metrically due to charge carrier separation after generation
of an electron-hole pair, taking into account the massively
diverging charge carrier mobilities and the donor-acceptor
defect distribution characteristics. Close to the p-i interface
at a device depth of x = 38 nm, Efp slightly touches the
energy level of the valence band tail states EV,tail [cf.

Fig. 2(d)]. Once Efp is energetically located within the
valence band tail, a significantly higher amount of net
trapped holes locally occurs compared to the dark state.
According to Poisson’s equation, this automatically leads
to a more pronounced field gradient, as seen in Fig. 3(c).
By keeping the external bias voltage constant, the field in
the back of the intrinsic layer decreases compared to the
dark state.

This field deformation increases at higher illumination
levels due to a more pronounced asymmetric splitting of
Efn,n as described earlier. Figure 2(d) shows an increased
splitting of Efn,n at higher irradiances φ2, φ3 and reveals
the position where Efp penetrates into EV,tail, resulting in
a local increase of net trapped holes [cf. Fig. 3(b)]. The
majority charge carrier type of the trapping states changes
and the electric field obtains a maximum at the position
x2 = 180 nm for φ2. For the first time, the internal electric
field at the device front changes its sign and becomes posi-
tive [cf. Fig. 3(c)]. Such a field reversal is generally known
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FIG. 3. (a) and (b) Simulated charge carrier concentrations for electrons (dashed lines) and holes (solid lines), (c) electric field
distributions as a function of the detector position across the intrinsic layer xi of sample A for different photon fluxes at 488 nm, and
(d) the total electric field screening mechanism due to irradiance induced charge trapping (blue circles).

in the case of applied voltages near the open-circuit volt-
age of solar cells [25,26] but has not been reported as
a result of increasing irradiances at a fixed external bias
voltage. The positive field in the device front lifts the
valence and conduction band edges in the corresponding
area, generating a barrier for charge carrier separation. In
result, the collection efficiency and total device current
are reduced. For φ2, the position xc,e− = 400 nm (here the
electric field vanishes completely within the i-layer) deter-
mines the maximum achievable charge collection depth
for electrons between the position x and the n-type a-Si:H
interface. A comparable collection zone for holes expands
from the p-type a-Si:H. This statement also holds true
for a photon flux of φ3, where the destructive, defect-
induced field in the device front dominates the built-in
field results in a more pronounced positive electric field
in the device front in conjunction with an increase of

free electrons [cf. Fig. 3(c)]. As a result, the collection
zone for electrons is quenched drastically and the col-
lection zone for holes vanishes completely, so that the
overall collection efficiency and the total device current are
reduced.

The total mechanism of illumination induces trapped
charges in the front of the intrinsic layer, resulting in
electric field screening is qualitatively shown in Fig. 3(d).

2. Sample B (li−a−Si:H:1350 nm)

To further investigate the physical cause of the nonlinear
current breakdown in a-Si:H p-i-n photodiodes, irradiance-
dependent electro-optical z-scan simulations were con-
ducted for a second device, differing in the thickness
of the intrinsic layer (1350 nm) and the defect density
inside the intrinsic layer halved compared to sample A.
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distribution as a function of the detector position across the intrinsic layer xi of sample B for the dark state �0 = 0 photons/cm2s and
a photon flux of �3 = 1019 photons/cm2s corresponding to high irradiance levels at 488 nm.

The simulation results are shown in Fig. 4 for photon
fluxes of φ0 and φ3, confirming the mechanisms of the
electric field deformation as described earlier for sample
A. However, the trap-assisted destructive field screening
for sample B has less influence due to the higher abso-
lute built-in field allocated by the thinner intrinsic region
and reduced trapping states compared to sample A. For
sample B, the electric field remains comparatively sta-
ble over a wide range of irradiance levels. A significant
influence of the irradiance on the electric field becomes
evident at φ3 [cf. Fig. 4(d)]. At φ3, Efp and Efn split
asymmetrically and cause a different occupation of defect
states across the intrinsic layer. The majority charge carrier
type of the trapping states changes and the electric field
obtains a maximum at x3 = 186 nm for φ3 compared to the
dark state [x0 = 634 nm, cf. Fig. 4(c)] so that the overall
collection efficiency and current are reduced. The simula-
tion results reveal that the device current of sample B is
much more robust toward irradiance variations at low z-
displacements than the current of sample A. In addition, it

can clearly be concluded that the nonlinear current break-
down near the focal plane is more pronounced in sample
B since the electric field collapse already dominates at
lower irradiances in sample A. The simulation results
of two a-Si:H p-i-n photodiodes with different intrinsic
layer thicknesses and defect distributions verify that the
irradiance-dependent FIP can simply be tuned and tailored
by a proper sensor design based on a systematic field and
defect engineering.

B. z-scan current measurements

Based on the simulation results, z-scan measurements
have been conducted on the previously discussed a-
Si:H p-i-n detectors. The z-scan current measurements
in Fig. 5 reveal a sensor- and bias-dependent decrease
of the total current near the focal plane at a wave-
length of 488 nm and an overall power of 150 µW.
The current breakdown for both a-Si:H sensor structures
coincides with the simulation results presented in the
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FIG. 5. (a) Bias dependent z-scan measurements of sample A, and (b) sample B for P = 150 µW (�Vbias= 1 V). Depending on the
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specific requirements. (c) Intensity dependence of the z-scan measurement of sample A for different light intensities at 488 nm. The
current breakdown occurs at an optical power below 380 nW corresponding to intensities < μW/mm2 far out of focus.

previous section. As expected, a low-defect monocrys-
talline silicon reference sensor does not exhibit any irra-
diance current dependency [cf. Fig. 5(b), black line].
A useful feature of a − Si:H photodetectors is that the
FIP nonlinearity parameters and response dynamics can
be precisely adjusted for application-specific purposes
by adjusting material parameters and device architec-
tures such as the i-layer thickness and defect concen-
tration. A further specific advantage of our devices is
that characteristics can be controlled by applying an
external bias voltage. A bias-dependent FIP has not pre-
viously been reported for other FIP detectors [9,10].
Figure 5(a) shows the bias-dependent z-scan measurement
results of sample A which has been optimized to obtain a
broad FIP as a prerequisite for high-sensitivity long-range
distance measurements. In this context, “broad” means
an FIP nonlinearity which varies over a wide range

of focus displacements. At 0 V bias, the FIP is more
pronounced compared to the z-scan response at reverse
bias.

Compared to sample A, the bias tunability of the FIP
in sample B is much more sensitive and the tailored
design enables both precise and mid- and long-range
distance measurements utilizing just one sensor archi-
tecture. At −3 V bias, sample B exhibits a steep and
narrow current breakdown, a desirable feature for high-
depth resolution distance measurements [cf. Fig. 7(b)].
Applying a bias of −1 V to sample B also enables
measurement at larger distances with the same device
due to the broader detector position dependence of the
FIP. Increasing the bias voltage to more negative values
increases the electrical field across the intrinsic region
so that trap-assisted field screening and therefore the
FIP is quenched. The field breakdown in both samples
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has been engineered to enable high-sensitivity distance
measurements at very low irradiance levels. Figure 5(c)
reveals that the FIP in sample A occurs at an optical
power below 380 nW for 488 nm corresponding to an
irradiance down to at least 0.6 μW/mm2. This surpasses
the current sensitivity benchmark for FIP detectors of
10 μW/mm2 on the detector surface by at least a factor
of 16 [9]. Such irradiance levels can easily be achieved
using simple light-emitting diodes instead of expensive
laser illumination.

Experimental data reveal that the nonlinear current
breakdown can be precisely adjusted by Vbias [cf. Figs. 5(a)
and 5(b)], resulting in a change in the electric field across
the intrinsic region, according to

Ei = VBI ± Vbias

di
, eVBI = EM − Efp − Efn. (3)

The built-in voltage VBI arises from the energy of the
mobility gap EM and the Fermi energies within the doping
areas that correspond to the band edges Efn and Efp [27].
At moderate reverse bias voltages, the intrinsic electric
field Ei increases and effectively prevents field screening.
As a result, the FIP is reduced or, in the case of highly

negative Vbias, suppressed. Biasing the sensor near the sen-
sor open-circuit voltage decreases the built-in field and
increases screening to reinforce the FIP. The built-in field
can also simply be tuned either by decreasing the i-layer
thickness to reduce the FIP or by increasing the i-layer
thickness to provide a more pronounced FIP as demon-
strated in this paper and Eq. (3). Besides proper field
engineering, it is possible to tune the current breakdown
by forcing more charge carriers to be trapped by providing
more defect states [cf. Eq. (2)]. The energetic position and
the total density of states within the mobility gap can reli-
ably be adjusted by the PECVD growth process of a-Si:H
within a range of at least 1016 cm−3 [15] to 6 × 1019 cm−3

[28]. The most important origin of such defects, especially
deep gap dangling bond states, is weak bond disorder in
the atomic structure [29,30]. Such a weak bond disorder
strongly depends on the growth conditions and can eas-
ily be adjusted by the deposition temperature, rf power
[31], or the process pressure. The deposition mechanism
has an impact not only on the atomistic bonding but also on
the hydrogenation, the Urbach energy, and its temperature
dependence [28]. Subsequent to the thin-film deposition,
the weak bond distribution remains in its steady state, but
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FIG. 6. (a) and (b) Current quotient Q of sample A as a measure of distance for 0 V and (c) and (d) 0.29 V at 488 nm. Distances of
up to 15 m can clearly be distinguished. The relative derivation of Q for 3.3 m–3.5 m has been determined to be 0.065% corresponding
to a depth resolution of �d = 2.1 mm at 3.3 m. At 0.29 V, 0.063% can be achieved, resulting in �d = 5.5 mm at 8.6 m.
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can be modified reversibly by shifting the Fermi energy or
by annealing [29,30,32].

C. dc distance measurements

The z-scan current measurements presented in Fig. 5
were employed to evaluate the performance (distance
x, depth resolution �d) for steady-state optical distance
measurements exploiting the current breakdown near the
focal plane. Therefore, a setup including a light source, a
focusing lens, and two photodetectors at variable positions
zs1 and zs2 was used to assess the distance-measurement
capabilities of the device and to control precisely and
reproducibly the optical power densities at the respec-
tive sensor positions (cf. Fig. S3 in the Supplemental
Material [33]). Next, irradiances were matched to those
obtained from the z-scan measurements listed in Fig. 5.
Finally, the respective z-scan current was assigned to the
distance-measurement setup, resulting in a detector cur-
rent I = f (x, zs). Further information about the procedures,
including a schematic of the modeled setup, are given in
detail in the Supplemental Material [33]. Following the
established routine [9], we determine a quotient Q of the
detector currents I 1 and I 2 at two different sensor positions
zs1 and zs2 to determine x and to eliminate the influence of

the total light power:

Q = I2(x, zs2)

I1(x, zs1)
. (4)

This measured quotient acts firstly to generate a calibra-
tion reference of the nonlinear system (which is necessary
given the complex distance behavior of the nonlinear-
ity) and secondly to measure distances, prior using such
calibration values as a look-up table.

A first series recording of Q for sample A at 0 V bias
allows distances up to at least 15 m [cf. Fig. 6(a)] to be
measured. A second-degree polynomial quotient fit has
been used to determine the achievable depth resolution �d
at a specific distance corresponding to the maximum rela-
tive difference to Q. Here, the relative difference to Q is
0.065% corresponding to �d = 2.1 mm at a distance of
3.4 m [cf. Fig. 6(b)]. Simple tuning of the bias voltage to
0.29 V allows precise distance determination at larger dis-
tances for the same FIP sensor. The relative difference of
Q for 0.29 V of 0.063% at 8.6 m results in an achievable
depth resolution of �d = 5.5 mm [cf. Fig. 6(d)].

The more pronounced bias tunability of the FIP in
sample B enables an enhanced application-specific mea-
surement flexibility. Applying different bias voltages, here
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shown for −1 V and −3 V, facilitates the opportunity either
to increase the distance-measurement range with a com-
paratively high accuracy or to achieve a maximum depth
resolution at a specific distance (cf. Fig. 7). At a bias of
−1 V, the measurement bandwidth with an almost con-
stant high accuracy of 0.169% (�d = 6.32 mm) covers
3.55 m – 3.90 m, whereas a bias of −3 V results in an
increase of the derivation of Q, hence the achievable depth
resolution, and a maximum of up to 0.103% (�d = 4 mm)
at a distance range of 3.88 – 3.90 m.

To further increase �d, the difference of two quotients
�Q at a given distance difference �x must be maximized.
For static sensor positions, Q at a distance x0 is given by
Eq. (4). Assuming a linear current slope at small �x, Q at
a distance x0 +�x results in

Q = I2(x0) + (dI2/dx) · �x
I1(x0) + (dI1/dx) · �x

. (5)

The variation of Q for small �x is

�Q = Q(x0 + �x) − Q(x0)

= I2(x0) + (dI2/dx) · �x
I1(x0) + (dI1/dx) · �x

− I2(x0)

I1(x0)
, (6)

which can be rewritten as (cf. Supplemental Material [33])

�Q = (dI2/dx) − Q(x0) · (dI1/dx)
(I1(x0)/�x) + (dI1/dx)

. (7)

Equation (7) reveals that the variation of Q, and thus the
depth resolution �d, depends on

(a) the detector current gradients (dI1,2/dx),
(b) the absolute detector current I 1(x0), and
(c) on Q(x0) and the distance difference �x itself.

According to Eq. (7) we evidently identify the z-scan
current gradients (dI1,2/dz) to be the key parameters in
achieving high-depth resolutions to exploit the nonlinear
FIP for three-dimensional imaging applications.

Our results demonstrate that systematic material, device,
and electric field engineering, combined with the bias tun-
ability of the FIP, allows precise adjustments of (dI1,2/dz)
and I 1(z0), enabling both high accuracy and long-range
distance measurements in a single-pixel FIP sensor.

IV. CONCLUSION

The bias and irradiance-dependent current breakdown
in a-Si:H p-i-n photodiodes was investigated systemati-
cally by electro-optical simulations and z-scan measure-
ments for two different sensor architectures. We identify
an irradiance-dependent enhancement of the built-in field
in the front of both detectors close to the p-i interface due

to irradiance-dependent locally occupied trapping states.
The field deformation limits the charge carrier transport at
high irradiances, resulting in a massive nonlinear current
breakdown. We demonstrate an evaluation of steady-state
distance measurements up to 15 m and a measurement pre-
cision of 2.1 mm (0.063%) at 3.3 m, 488 nm, and 0 V
bias voltage. At 488 nm and 0 V bias, a-Si:H FIP sensors
achieve a detection limit of at least 380 nW, correspond-
ing to an irradiance of 0.6 μW/mm2. We demonstrate that
the bias-tunable FIP allows for both high-sensitivity and
high-accuracy distance measurements at a specific dis-
tance. Simulations and experiments show that systematic
and proper device and field engineering allow the sensor
response to be precisely tailored for highly precise and/or
long-range distance measurements. Since the versatile and
mature low-temperature PECVD technology device fab-
rication is reproducible, scalable, and allows for sensor
integration on top of silicon or flexible electronics with
fill factors close to 100%, it provides the basis for further
improving the performance of existing three-dimensional
imaging systems.

ACKNOWLEDGMENTS

The authors are grateful to the European Regional
Development Funds in North Rhine-Westphalia (EFRE.
NRW) for funding this research project (EFRE0200545).
Part of this work was performed at the DFG-funded Micro-
and Nanoanalytics Facility (MNaF) of the University of
Siegen (INST 221/131-1) utilizing its major ESEM instru-
ment. In particular, we thank Dr. Yilmaz Sakalli for the
operation of the tool. Moreover, we thank Marco Hepp
and Dr.-Ing Julian Müller from the Institute of Micro- and
Nanoanalytics of the University of Siegen for support in
carrying out the ESEM analyses and three-dimensional
visualization.

[1] R. H. Rasshofer and K. Gresser, Automotive radar and lidar
systems for next generation driver assistance functions,
Adv. Radio Sci. 3, 205 (2005).

[2] S. Zhang, Handbook of 3D Machine Vision: Optical
Metrology and Imaging (CRC Press, Boca Raton, FL, USA,
2013).

[3] A. Kolb, E. Barth, R. Koch, and R. Larsen, Time-of-Flight
cameras in computer graphics, Comput. Graph. Forum 29,
141 (2010).

[4] W. J. Tam, F. Speranza, S. Yano, K. Shimono, and H.
Ono, Stereoscopic 3D-TV: Visual comfort, IEEE Trans.
Broadcast. 57, 335 (2011).

[5] R. Schwarte, Z. Xu, H.-G. Heinol, J. Olk, R. Klein, B.
Buxbaum, H. Fischer, and J. Schulte, Sensors, Sensor Sys-
tems, and Sensor Data Processing (International Society
for Optics and Photonics, 1997), Vol. 3100, pp. 245–253.

[6] P. Kienitz, A. Bablich, R. Bornemann, and P. H. Bolívar, 2D
Photonic Materials and Devices IV (International Society
for Optics and Photonics, San Francisco, CA, USA, 2021),
Vol. 11688, pp. 116880S.

034075-10

https://doi.org/10.5194/ars-3-205-2005
https://doi.org/10.1111/j.1467-8659.2009.01583.x
https://doi.org/10.1109/TBC.2011.2125070


HIGH-SENSITIVITY FOCUS. . . PHYS. REV. APPLIED 17, 034075 (2022)

[7] B. Behroozpour, P. A. M. Sandborn, M. C. Wu, and B.
E. Boser, Lidar system architectures and circuits, IEEE
Commun. Mag. 55, 135 (2017).

[8] S. Soatto, R. Frezza, and P. Perona, Motion estimation via
dynamic vision, IEEE Trans. Automat. Control 41, 393
(1996).

[9] O. Pekkola, C. Lungenschmied, P. Fejes, A. Handreck, W.
Hermes, S. Irle, C. Lennartz, C. Schildknecht, P. Schillen,
P. Schindler, R. Send, S. Valouch, E. Thiel, and I. Bruder,
Focus-induced photoresponse: A novel way to measure
distances with photodetectors, Sci. Rep. 8, 9208 (2018).

[10] E. Kasparavicius, S. Nakamichi, M. Daskeviciene, M.
Marcinskas, L. M. Svirskaite, C. Lungenschmied, T. Malin-
auskas, V. Getautis, and I. Bruder, Focus-induced pho-
toresponse technique-based NIR photodetectors containing
dimeric polymethine dyes, J. Electron. Mater. 48, 5843
(2019).

[11] Y. Wang, J. Benduhn, L. Baisinger, C. Lungenschmied, K.
Leo, and D. Spoltore, Optical distance measurement based
on induced nonlinear photoresponse of high-performance
organic near-infrared photodetectors, ACS Appl. Mater.
Interfaces 13, 23239 (2021).

[12] V. L. Dalal and A. Rothwarf, Comment on "A simple mea-
surement of absolute solar cell efficiency", J. Appl. Phys.
50, 2980 (1979).

[13] S. S. Hegedus and W. N. Shafarman, Thin-film solar cells:
Device measurements and analysis, Prog. Photovolt. 12,
155 (2004).

[14] T. Lule, B. Schneider, and M. Bohm, Design and fabrication
of a high-dynamic-range image sensor in TFA technology,
IEEE J. Solid-State Circuits 34, 704 (1999).

[15] G. Ganguly and A. Matsuda, Defect formation during
growth of hydrogenated amorphous silicon, Phys. Rev. B
47, 3661 (1993).

[16] D. L. Staebler, R. S. Crandall, and R. Williams, Stability
of n-i-p amorphous silicon solar cells, Appl. Phys. Lett. 39,
733 (1981).

[17] M. Lohrasbi, P. Pattanapanishsawat, M. Isenberg, and S.
Chuang, Degradation Study of Dye-Sensitized Solar Cells
by Electrochemical Impedance and FTIR Spectroscopy
(IEEE, Cleveland, OH, USA, 2013), pp. 1–4.

[18] R. Varache, C. Leendertz, M. E. Gueunier-Farret, J.
Haschke, D. Muñoz, and L. Korte, Investigation of
selective junctions using a newly developed tunnel current
model for solar cell applications, Sol. Energy Mater. Sol.
Cells 141, 14 (2015).

[19] A. Bablich, C. Merfort, H. Schäfer-Eberwein, P. Haring-
Bolivar, and M. Boehm, 2-In-1 red-/green-/blue sensitive
a-SiC:H/a-Si:H/a-SiGeC:H thin film photo detector with
an integrated optical filter, Thin Solid Films 552, 212
(2014).

[20] M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan, and
E. W. Van Stryland, Sensitive measurement of optical non-
linearities using a single beam, IEEE J. Quantum Electron.
26, 760 (1990).

[21] K. Ikeda, Y. Shen, and Y. Fainman, Enhanced opti-
cal nonlinearity in amorphous silicon and Its appli-
cation to waveguide devices, Opt. Express 15, 17761
(2007).

[22] I. Sakata and Y. Hayashi, Theoretical analysis of trapping
and recombination of photogenerated carriers in amorphous
silicon solar cells, Appl. Phys. A 37, 153 (1985).

[23] J. G. Shaw and M. Hack, An analytic model for calculat-
ing trapped charge in amorphous silicon, J. Appl. Phys. 64,
4562 (1988).

[24] R. S. Crandall, Modeling of thin film solar cells: Uniform
field approximation, J. Appl. Phys. 54, 7176 (1983).

[25] M. Hack and M. Shur, Physics of amorphous silicon alloy
p-i-n solar cells, J. Appl. Phys. 58, 997 (1985).

[26] K. Misiakos and F. A. Lindholm, Analytical and numerical
modeling of amorphous silicon p-i-n solar cells, J. Appl.
Phys. 64, 383 (1988).

[27] R. A. Street, Hydrogenated Amorphous Silicon, 1st ed.
(Cambridge University Press, Cambridge, 1991).

[28] J. Robertson, Deposition mechanism of hydrogenated
amorphous silicon, J. Appl. Phys. 87, 2608 (2000).

[29] R. A. Street and K. Winer, Defect equilibria in undoped
A-Si:H, Phys. Rev. B 40, 6236 (1989).

[30] K. Winer, Chemical-Equilibrium Description of the Gap-
State Distribution in a-Si:H, Phys. Rev. Lett. 63, 1487
(1989).

[31] J. C. Knights and G. Lucovsky, Hydrogen in amorphous
semiconductors, Crit. Rev. Solid State Mater. Sci. 9, 211
(1980).

[32] M. J. Powell and S. C. Deane, Improved defect-pool model
for charged defects in amorphous silicon, Phys. Rev. B 48,
10815 (1993).

[33] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.17.034075 for in-depth
information on the simulation routine, device fabrica-
tion and fundamental characterization and the distance
measurement.

034075-11

https://doi.org/10.1109/MCOM.2017.1700030
https://doi.org/10.1109/9.486640
https://doi.org/10.1038/s41598-018-27475-1
https://doi.org/10.1007/s11664-019-07375-4
https://doi.org/10.1021/acsami.1c04705
https://doi.org/10.1063/1.326181
https://doi.org/10.1002/pip.518
https://doi.org/10.1109/4.760382
https://doi.org/10.1103/PhysRevB.47.3661
https://doi.org/10.1063/1.92865
https://doi.org/10.1016/j.solmat.2015.05.014
https://doi.org/10.1016/j.tsf.2013.12.021
https://doi.org/10.1109/3.53394
https://doi.org/10.1364/OE.15.017761
https://doi.org/10.1007/BF00617500
https://doi.org/10.1063/1.341258
https://doi.org/10.1063/1.331955
https://doi.org/10.1063/1.336148
https://doi.org/10.1063/1.341439
https://doi.org/10.1063/1.372226
https://doi.org/10.1103/PhysRevB.40.6236
https://doi.org/10.1103/PhysRevLett.63.1487
https://doi.org/10.1080/10408438008243572
https://doi.org/10.1103/PhysRevB.48.10815
http://link.aps.org/supplemental/10.1103/PhysRevApplied.17.034075

	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	A. z-scan photoresponse simulations
	1. Sample A (li-a-Si:H:1526 nm)
	2. Sample B (li-a-Si:H:1350 nm)

	B. z-scan current measurements
	C. dc distance measurements

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


