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We propose a photo-adjustable arrangement that electrically combines a pn-junction, operating in photovoltaic
mode, to a suitably designed photoconductor, in order to
keep the output current, voltage, or both, fixed. The characteristic I-V curves of a pn-junction resulting from different
light intensities do not intersect each other, leading to different operating voltage and current for a given load. However,
knowing that the resistivity of a photoconductor changes
with light, by connecting it in parallel to a pn-junction
photovoltaic cell and exposing both to the same level of
irradiance, it is possible to propose a photoconductor design
that alters the I-V curves of the cell for different irradiances
in such a way that they will intersect at a chosen point.
This offers an alternative solution for a stable supply to
autonomous DC loads, regardless of fluctuations of the light
intensity about the expected nominal irradiance. This paper
presents the concept of these photo-adjustable systems and
a general physical model to prescribe the most appropriate
photoconductor to be manufactured. Additionally, an
example case is evaluated for a particular photo-adjustable
system where a feasible photoconductor is proposed for a
silicon pn-junction (a photodiode integrated on a chip).
Index Terms— photovoltaics, photoconductor, semiconductor, pn-junction, modeling.

I.

I NTRODUCTION

In most cases, circuits, systems and devices demand well
designed and stable power sources. In the case of solar powered or photofed systems, fluctuations of light intensity can
affect their performance or even their operability and safety.
To mitigate this issue, it is possible to deploy electronically
driven shunts using power electronic devices such as MOSFETs or IGBTs, which can be controlled automatically by
a light sensor, or by a microcontroller monitoring the load
parameters. For low power levels, a simple solution to prevent excess currents can be implemented with a zener-diode
or other similar draining devices.
In this paper we propose a self-configurable photovoltaic
passive solution, consisting of the combination of a pnjunction, in solar-cell photovoltaic mode, and a photoconductor, also termed Light-Dependent Resistor (LDR). This
coupled solution is expected to maintain the operating point
of the system constant, despite fluctuations of the light intensity around a predetermined irradiance value. [1, 2]
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Photoconductors are semiconductor devices that exhibit a
change in their electrical resistance according to the impinging light levels. When photovoltaic elements and photoconductors are associated in parallel, the shape of the I-V curve
of the photovoltaic device is altered as the resistance of the
photoconductor changes with light.
The analytical model presented in equation 1 is referred to
as the two-diode model, including parasitic resistances, and
represents the behavior of a current source, such as a solar
cell or a photodiode.
I = Iph − I01 (eq(V +IRS )/m1 kT − 1)
(V + IRS )
−I02 (eq(V +IRS )/m2 kT − 1) −
Rp

(1)

where its elements are: Iph (photogenerated current),
I01 (diffusion reverse saturation current), I02 (generationrecombination reverse saturation current), m1 (ideality
factor for diffusion), m2 (ideality factor for generationrecombination) Rp (parallel resistance) and Rs (series resistance).
Figure 1 shows the schematics for the equivalent model
of a self-configurable photovoltaic system, where an illuminated pn-junction (solar cell or photodiode) is represented
by a current source and employs the two-diode cell model
including the photoconductor, represented by RF C ; and the
load by RL .[2, 3]

Figure 1 Electrical schematics model of the self-configurable system.

Source: [2]

To effect the self-adjustment, the photoconductor simply
drains part of the current that would flow through the load.
A lower irradiance leads to a higher resistance of the photoconductor, thus a lower current is drained. This effect
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modifies the I-V curve that the solar cell alone would have
yielded. The resistance variation depends on the semiconductor material used as photoconductor, the device geometry, the temperature and the illumination range. When properly designed, the photoconductor can ensure that a chosen
operating point is kept constant for a certain fluctuation of
the illuminance around a nominal irradiance value. Figure
2 illustrates the behavior of the I-V curve under irradiance
variation, with and without a photoconductor connected to
the solar cell. The colored lines represent three different I-V
curves of the same p-n junction, with three different irradiation levels within an arbitrary range, where the green curve
represents the lowest irradiance level, and the red one, the
highest level. In this particular graph the dots indicate the
maximum-power point at each irradiance. For the system
with the photoconductor, the reference operating point was
chosen as the maximum-power point of the curve related to
the lowest irradiance in the range (green curve). However,
any other point on that curve could have been chosen as the
reference point. One observes that by coupling the photoconductor to the p-n junction, the I-V curves are bent differently before the maximum-power point for different irradiance levels, converging to the chosen reference operating
point. This point should be determined according to the load
and application intended, observing the adjustment capabilities of the system. This paper will further examine how to
properly design a photoconductor, for a given p-n junction
solar cell, to meet the desired convergence.

The following sections will first present the photoconductor principles, its behavioral modeling and the methodology
to find out the optimal photoconductor response for a given
case.
II.
A.

Photoconductors

A photoconductor device consists basically of a semiconductor material, whose resistivity is highest in darkness.
As light falls on it, additional charge carriers are generated, reducing the resistivity of the material. The most
employed materials are Cadmium Sulfide (CdS) and Cadmium Selenide (CdSe) for the visible spectrum; and Lead
Sulfide (PbS) and Lead Selenide (PbSe) for the infrared.
These devices are often deployed as photocells in lamp posts,
less precise light meters, illumination controllers and fire
detectors.[4]
Cadmium Sulfide is by far the most chosen material because of its low production cost and good electro-optical performance. This material is yellowish and its energy gap lies
around 2.42 eV, rendering it attractively compatible to the
peak of the solar spectrum. A CdS discrete device is rather
simple and consists in the deposition of an amorphous paste
on a ceramic substrate. The device is then sintered and, for
low contact resistance, silver-paste electrodes are deposited
and patterned by serigraphy and sealed with a layer of varnish. The process is simple and the fabrication tolerances
are generally rather loose. However, in most of the aforementioned applications this is not an issue as there is no demand for analog accuracy, and often binary information suffices, as to indicate values above or below a certain threshold
value.[5, 6]
Commercial photoconductor devices are often sold as dielectric ceramic coins covered by a photoconductor material,
whose exposed area has a thin serpentine-like shape. For
an eventual coupling of photoconductor to cells in a photovoltaic panel, the photoconductor material could be integrated as stripes deposited in the voids between cells, or even
on the contact metal grids of the cell, as a post-processing
step, being therefore exposed to a more closely matching illumination condition to that of the cells, as regards irradiance
level and angle.
On the other hand, integrated photoconductors can be fabricated in microelectronics process platforms, as CMOS and
Bipolar, using poly-Si layers, either extrinsic or intrinsic, and
other p or n doped regions in the silicon substrate itself. The
coupling of an integrated photoconductor to a photodiode
can be particularly convenient to offer a more stable energy
harvester in autonomous integrated devices. Compared to
the methods used for the fabrication of solar cells, microelectronics processes guarantee a more precise value of resistivity due to quality and purity of the materials used, and to
the controlled and accurate doping and geometry. However,
there is little or no flexibility in choosing materials, doping
levels and film thicknesses.
B.

Figure 2: Example of characteristic I-V curves of a pn-junction without
(top) and with (bottom) a photoconductor, under three different arbitrary
levels of irradiance.

M ATERIALS AND M ETHODS

Design of a photoconductor response for selfconfigurable photovoltaics

A photoconductor has its resistivity affected by the incident light, as given by equation 2.
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1
ρ=
q(n + ∆n)µn + q(p + ∆p)µp

3

(2)

where ρ is the resistivity, q is the electron charge, µn is
the electron mobility, µp is the hole mobility, n is the density
of electrons, p is the density of holes, ∆n and ∆p are the
photogenerated density of electrons and holes, respectively.
The denominator of the resistivity can be split in two parts:
one dependent and another independent of light, as presented
in equation 3.
ρ=

1
1
=
q(nµn + pµp ) + q∆n(µn + µp )
σ0 + σv

(3)

where ∆n = ∆p, σ0 is the conductivity independent of
the light and σv is the conductivity that varies with the light
intensity.
In the absence of light, there is dark resistivity, which
depends on the carrier concentrations and their mobilities.
However, if the light intensity on the device gradually increases, the photogenerated carrier densities also increase,
reducing the resistivity of the photoconductor.
The photoconductor resistance depends on its material resistivity and on the device geometry, as shown in figure 3,
following the relation presented by equation 4.

where ηλ is the spectral quantum efficiency of the photoconductor material, h is the Planck constant and c is the
speed of light. Note that the spectral number of generated
holes is identical to that of electrons. The total number of
generated electrons for a given light source, with a known
spectrum, can be obtained as in equation 8.
As .τg
#electrons =
.
hc

Z
(ηλ .Iλ .λ)dλ

(8)

λ

The density of photogenerated electrons ∆n is equal to
the number of generated electrons divided by the photoconductor volume (As .t), as in equation 9.

∆n =

Z
As .τg
. (ηλ .Iλ .λ)dλ
hc.(As .t) λ
Z
τg
=
. (ηλ .Iλ .λ)dλ
hc.t λ

(9)

Hence, Gv , substituting equation 9 in equation 6, becomes:
Z
Gv = α.

(ηλ .Iλ .λ)dλ

(10)

q.τg
w
.(µn + µp )( )
hc
l

(11)

λ

where,
RF C


1
l
σ0 + σv tw
1
=
σ0 .tw σv .tw
+
l
l

l
=ρ
=
tw



α=

(4)

Using the expression for the conductance G = 1/R =
σ.tw/l, it yields:
RF C =

1
G0 + Gv

(5)

where G0 is the dark conductance, with R0 = 1/G0 being the dark resistance, and Gv is the variable conductance.
Explicitly writing Gv in terms of design and material parameters yields:
q∆n(µn + µp ).tw
tw
=
(6)
l
l
Before continuing, optical quantities need to be related
to the electrical ones. Therefore, the carrier photogenerated density ∆n needs to be related to the irradiance Irr , in
W.m−2 . The spectral photon flux Φph,λ (m−2 .s−1 ), is given
by the spectral irradiance Iλ (W.m−2 .nm−1 ) divided by the
photon energy of a specific wavelength (Eph = h.c/λ). The
spectral rate of photons impingining on the exposed surface
area of a photoconductor (As = l.w) is given by Φph,λ .As .
In the device, the spectral number of photogenerated electrons that is maintained during a generation lifetime τg can
be obtained as indicated in equation 7.
Gv = σv

#electronsλ = Φph,λ .As .ηλ .τg =

Iλ .As .ηλ .τg .λ
hc

(7)

R
Observe that the integral λ (ηλ .Iλ .λ)dλ should be obtained from the spectrum of the light source and from the
spectral response of the photoconductor material. Factor α,
on the other hand, depends on material properties and on the
aspect ratio of the exposed device area. The photoconductor resistance, as given by equation 5, can be rewritten as in
equation 12.

RF C =

G0 + α.

1
(ηλ .Iλ .λ)dλ
λ

R

(12)

In the specific case of a monochromatic source, e.g. laser,
for which the irradiance spectrum consists of a very thin peak
centered at a specific wavelength λ0 , Iλ can be considered
as a Dirac delta function, and applying its filtering property,
the result of the integral becomes η.Irr .λ0 , where η is the
total quantum efficiency for the laser wavelength and Irr is
the irradiance of the laser source in W.m−2 . Therefore, the
simplification Gv = α. (ηλ0 ) .Irr can be applied.
When using a polychromatic source, if the material features a spectral quantum efficiency (ηλ ) that multiplied by
the wavelength yields an approximately constant value γ ,
then Gv = α.γ.I
rr = α. (ηλ λ) .Irr applies, where in this
R
case Irr = λ Iλ dλ. Thus, the photoconductor resistance
can be represented by the approximation from equation 5, as
shown in equation 13.

RF C =

1
G0 + β.Irr

(13)
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where β is the light-conductance conversion factor, and its
unit is m2 /W.Ω, being equal to α.(η.λ0 ) in the monochromatic case, and to α.γ in the special polychromatic case described above.
This is the physical model of a photoconductor herein detailed and can be used to design a specific one with the desirable behavior [7, 8, 9, 10, 11, 12].

Figure 4 Example of the characteristic response curve of a photoconductor.

Figure 3 A simple photoconductor geometry.

C.

Analytical model

The analytical model of a self-configurable system requires a term representing the photocurrent generation, a
transport model for the current and a term related to the photoconductor. The two-exponential model will be used, taking into account the diffusion and generation-recombination
of charge carriers, and the effects of parasitic series and parallel resistances, as incorporated in equation 14.
I = Iph − I01 (eq(V +IRS )/m1 kT − 1)
(V + IRS )
V
−I02 (eq(V +IRS )/m2 kT − 1) −
−
(14)
Rp
RF C

where Iph is the photogenerated current (directly proportional to the light intensity), I01 e I02 are the reverse saturation currents (diffusion and generation-recombination), m1
e m2 are the ideality factors for the terms related to diffusion
and drift (generation-recombination), respectively, RS is the
series resistance, Rp is the parallel (shunt) resistance, RF C
is the photoconductor resistance, q is the electron charge, k
is the Boltzmann constant and T is the temperature. V and
I are the voltage and current as to be measured at the output
terminals where the load is connected. The same model can
be used for solar cells and panels, as well as for discrete and
integrated photodiodes. The difference will lie on the values
for the parameters.
Figure 4 shows an example of characteristic curve of a
photoconductor, which indicates how its resistance changes
with the irradiance level. It features its highest resistance
value when in dark, which decreases as the irradiance (Irr )
increases, as indicated in equation 13.
The introduction of a photoconductor in parallel to the
solar cell, or photodiode, and to the load, causes part of
the current to be drained through it, therefore affecting the
total available current at the load terminals of the system.
Moreover, the dissipated power on the photoconductor is directly related to the magnitude of this drained current. Larger

drained currents call for photoconductors with larger areas to
cope with the higher dissipation. As for the parasitic resistances, the lower Rp and the higher Rs , the narrower the illumination range within which the system can keep the operation point stable. In integrated systems, the self-configurable
approach has more promise, as integrated photodiodes usually exhibit less deleterious values of the parallel and series
resistances, when compared to solar cells [13, 3, 14, 7].

D.

Ideal response curve

The obtain the ideal photoconductor response curve, it is
necessary to take note of the characteristics of the photovoltaic element (I01 , I02 , m1 , m2 , Rs and Rp ) and the working conditions: irradiance range, temperature and the nominal operating point, which is a chosen point on the original
I-V curve of the photovoltaic element, preferably that which
would yield maximum power.
Therefore, equation 14 needs to be solved for RF C for
various photocurrent values, which depend on the irradiance,
keeping the voltage and current fixed at the reference operating point. This enables one to discover how the photoconductor resistance should best vary with the irradiance for that
pn-junction.

E.

Actual response curve

Generally, the ideal curve is not attainable by a real photoconductor, whose curve will have to be one matching as close
as possible that of the ideal solution. This can be taylored
within design dimensions, photoconductive material and fabrication constraints.
An actual photoconductor features a limited maximum resistance (i.e. its dark resistance R0 ) due to material properties. Figure 5 shows the response of real photoconductors,
with different dark resistances, and that of an ideal photoconductor.
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Figure 5: Curves of the resistance of the photocoductor (RF C ) for the ideal
and the real cases.

Figure 6: I-V curves obtained from the experimental characterization of the
chip.

It is observed that the lower R0 , the more distant the curve
is from that of the ideal component, especially for low irradiance values. If the maximum tolerable resistance deviation
between the real and the ideal curve is 1%, then the lowest
feasible irradiance value is 35 W/m2 . This value varies with
the choice of the nominal operating point on the I-V curve
of the photovoltaic system. It must be emphasized that the
operating point must be established on the I-V curve of the
solar cell for the minimum expected operating irradiance of
the system. Any irradiance value lower than that results in IV curves that do not manage to intercept the operating point,
neither for a discrete solar cell, nor for its photo-adjustable
system. In those cases, in order to succeed, the photoconductor resistance would need to have an infinite value, which is
not practical, except in open circuit. Above 35 W/m2 the
behavior of the photoconductor converges towards the ideal
one.
The upper operational limit is defined by the maximum
irradiance of the light source and by the maximum power
dissipation allowed on the photoconductor, i.e. its maximum
capacity to drain current.
The power dissipation is related to the ratio w/l of the device, as previously shown in figure 3. For the same current
density, a larger w allows a higher total current to flow across
the device. In the next section, an example of this methodology is presented.

The characterization was done with a portable irradiometer Instrutherm MES-100, a luximeter Instrutherm LD-200,
a source-meter Keithley 2610 and a Semiconductor Parameter Analyzer Keysight B1505A. The chosen range (0 to 50
W/m2 ) is related to indoor illumination (where 50W/m2 is
approximately 1000 lux, a typical illuminance for a well lit
residential environment).

III.

R ESULTS OF A CASE

STUDY

An algorithm has been written to implement the procedure
mentioned in the previous sections. To verify how it works,
a case study is carried out with the parameters and conditions presented in table I. It consists of a 14 mm2 monocrystalline silicon pn-junction integrated on a CMOS chip.
This chip was first characterized to obtain its electrical
parameters under dark conditions and then illuminated by
a halogen lamp with variable light intensity, thus allowing to
obtain an I-V curve for each irradiance, as presented in figure
6.

Table I. Parameters and conditions for the case study

Parameter

Value

I01
I02
m1
m2
Rs
Rp
N
T
Irr
Iph
VOP
IOP

−12

Description

10
A Diffusion reverse saturation current
10−9 A
Drift reverse saturation current
1
Diffusion ideality factor
2
Drift ideality factor
0.28 Ω
Series resistance
1M Ω
Parallel resistance
1
Number of cells in series
300 K
Temperature
0 − 50 W/m2
Range of irradiance
0 − 83 µA Range of photogenerated currents
0.4 V
Operating voltage
20 µA
Operating current

To start the design of the photo-adjustable system, the desired reference operating point needs to be defined, which is
a point on the I-V curve of the pn-junction for a given lowest
value of irradiance under which the system is expected to operate. In this example, the lowest value of irradiace was set to
10 W/m2 . The choice of the operating point determines how
far up the range of possible irradiances can extend, still guaranteeing convergence of all corresponding I-V curves towards this point. Equation 1 is solved for different photocurrents, each related to a different irradiance, and the presence
of the point on the output curve is verified. Thereafter, equation 14 needs to be solved for RF C using the defined operating point and the range of photocurrents. Figure 7 presents
the I-V curves for the self-configurable photo-adjustable system within the compliant irradiance range, that indeed shows
that the convergence point for all the I-V curves is the one
previously chosen.
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highest resistance is three times the resistance at the highest
irradiance, i.e. 21,96 kΩ. Performing the fit, the parameter β can be obtained, i.e. 3.08 x 10−6 m2 /W.Ω. The parameter β then directly or indirectly relates to the material
properties and device dimensions through equation 11 and
equation 12 or 13, depending of the nature of the spectrum
of the light source. Figure 9 shows the comparison of the
ideal curve (blue), the feasible one (red) and the difference
between them (green).

Figure 7 I-V curves for the optimal photoconductor.

Each solution is related to one value of the photoconductor resistance. The set of all resistances results in a ideal
characteristic curve of the photoconductor, designed for this
case, in particular. To accomplish that convergence, the characteristic curve of the photoconductor should vary as presented in figure 8, where RF C lies between 222 kΩ and 7.32
kΩ within the irradiance range between 10 W/m2 and 50
W/m2 . As presented in the same figure, the current drained
through the photoconductor increases with an increase of the
irradiance, leading to higher power dissipation in the photoconductor device.

Figure 9: Ideal photoconductor characteristic curve (blue), real photoconductor from fitting (red), and their difference (green).

It is also necessary to establish a criterion to estimate the
maximum expected irradiance of operation of this photoadjustable system. Examples could be the maximum current
allowed by photoconductor or the maximum power dissipation in that device.
For this case study, in the worst case for power dissipation,
the maximum current through the photoconductor is arbitrarily imposed as three times the load current at maximum irradiance, which in this case is 50 W/m2 . This corresponds to
a photogenerated current of 83 µA, extracted from the shortcircuit condition of the I-V curve presented in figure 6. At 50
W/m2 the value of RF C is 6.45kΩ as calculated from equation 14 and shown in figure 8. Using this value, the current
flowing through the photoconductor and the power dissipation are calculated by equations 15 and 16, respectively.

Figure 8: Photoconductor ideal characteristic curve (blue), and dissipated
power (orange).

The best achievable curve for an actually feasible photoconductor can be obtained from a fit of the photoconductor
model equation 13 to the ideal curve. For that, a viable dark
resistance value R0 = 1/G0 has to be given. In this case,
1 M Ω was chosen. As the ideal case always yields a resistance curve that asymptotically increases for an irradiance
value other than zero, the fit has to be performed within a
reasonable range of irradiances for which the ideal resistance
does not vary significantly and beyond the knee of the curve.
In this case, the choice was to consider a range where the

IF C =

VOP
RF C

(15)

PF C =

2
VOP
RF C

(16)

where VOP is the operating voltage, which is the same
across the load and the photoconductor. The photoconductor current is equal to 62 µA, that is approximately 75% of
the photogenerated current and basically three times the load
current, which is 60 µA. The power dissipation on the photoconductor is 24.8 µW .
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IV.

C ONCLUSIONS

This work studied how a photoconductor can effect
changes in the shape of characteristic I-V curves of an illuminated pn-junction in order to lead them to intersect at a
chosen point. This passive photo-adjustability can be useful
when the pn-junction is used as a photovoltaic energy harvester, whose operating point for a certain load needs to be
kept stable, regardless of fluctuations of the expected irradiance.
A methodology for the design of this photo-adjustable system was proposed based on physical intrinsic parameters as
well as on the electrical behavior and geometrical dimensions of these components. The response curves for the ideal
and for the feasible photoconductors have been compared,
and the experimental data of an actual integrated pn-junction
(photodiode) in silicon was considered. The concept herein
presented is material and device agnostic, being applicable
to different kinds of solar cells, provided the characteristic
curves are known.
Results have shown that this approach can be rather appealing as a more stable energy source when the load is an
autonomous system, especially when the light source does
not feature stable irradiance. Its applications range from discrete systems for energy generation at macro scale, as in photovoltaic modules coupled to static loads, to micro-energy
harvesting to attend to microchips, sensors and actuators, as
in motes for IoT (Internet of Things) and LiFi, portable devices or wearables.
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