

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  NOVEMBER 03 2023

Physics of photovoltaic signal modifications in p–n
photodiodes 
Mingrui Yuan  ; Michael K. Rafailov  ; Rolf Binder  

J. Appl. Phys. 134, 174503 (2023)
https://doi.org/10.1063/5.0171614

 22 January 2024 18:50:47

https://pubs.aip.org/aip/jap/article/134/17/174503/2919894/Physics-of-photovoltaic-signal-modifications-in-p
https://pubs.aip.org/aip/jap/article/134/17/174503/2919894/Physics-of-photovoltaic-signal-modifications-in-p?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jap/article/134/17/174503/2919894/Physics-of-photovoltaic-signal-modifications-in-p?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0009-0005-6894-749X
javascript:;
https://orcid.org/0009-0003-0558-7955
javascript:;
https://orcid.org/0009-0001-4698-9913
javascript:;
https://doi.org/10.1063/5.0171614
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2299782&setID=592934&channelID=0&CID=828637&banID=521522792&PID=0&textadID=0&tc=1&scheduleID=2219876&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1705949447079128&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0171614%2F18197994%2F174503_1_5.0171614.pdf&hc=fb66eb58f238b76eb1afe8980d741034b88e10f3&location=


Physics of photovoltaic signal modifications
in p–n photodiodes

Cite as: J. Appl. Phys. 134, 174503 (2023); doi: 10.1063/5.0171614

View Online Export Citation CrossMark
Submitted: 9 August 2023 · Accepted: 8 October 2023 ·
Published Online: 3 November 2023

Mingrui Yuan,1 Michael K. Rafailov,2 and Rolf Binder1,a)

AFFILIATIONS

1Wyant College of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA
2Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta T6G 1H9, Canada

a)Author to whom correspondence should be addressed: binder@optics.arizona.edu

ABSTRACT

The photovoltaic signal is an important characteristic of photodetectors, including but not limited to those that are based on p–n or p–i–n
photodiodes. In an open-circuit configuration, pulsed excitation of the detector with ultrafast (femto or nanosecond) pulses leads to a pho-
tovoltaic signal that decays slowly (micro-second time scale). If the physics in the detector is dominated by the recombination of the photo-
excited charge carriers, one expects the signal to decay without changing its sign. However, some experiments using short-pulse excitation
have found that photovoltaic signals can undergo a sign change as a function of time following excitation, with positive signals immediately
following the excitation, turning to negative signals several microseconds later. Here, we study various physical effects (density, temperature,
electrostriction, pressure, photostriction, and bandgap renormalization) and determine their effect on photovoltaic signals. If, following
ultrafast excitation, the carrier density and temperature are increased, and during relaxation the system reaches a state sufficiently close to
the quasi-thermal equilibrium in which the carrier density is still elevated, but smaller than the intrinsic thermal equilibrium density at the
elevated temperature, then the signal can become negative.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0171614

I. INTRODUCTION

Photodetectors can transform light into electricity in optical
power and communication systems, which are mainly based on the
photovoltaic effect (Ref. 1) of semiconductor materials. The
so-called photovoltaic effect refers to the phenomenon that light
can create an electrical current or electrical voltage when it irradi-
ates a suitably design material, such as a semiconductor p–n junc-
tion. The basic working mechanism of the photodetector includes
three processes: (i) charge carriers are generated under illumination
by light;2 (ii) carrier drift and diffusion forms either transient or
stationary electrical current in the photodetector;3 and (iii) the
photo-induced voltage or current is measured in an electrical
circuit. In an open-circuit voltage configuration (e.g., Refs. 4–6 and
p. 253 of Ref. 7), there is no electric current flowing under steady-
state illumination. In the case of pulsed excitation, when the only
physical process that is considered is charge-carrier recombination,
the photovoltaic signal decays after excitation and is expected to
remain positive over time. Some experiments using short-pulse
excitation have found that photovoltaic signals can undergo a sign
change as a function of time following excitation, with positive

signals immediately following excitation, turning to negative signals
after some time.8–10

Quite generally, we believe that high-excitation effects in pho-
todiodes, either due to ultrafast pulsed excitation or due to strong
stationary irradiation, are not well understood. While high-
excitation effects like bleaching, density-induced dephasing,
bandgap renormalization, heating, Auger recombination, etc., are
well understood in spatially homogeneous semiconductors, in pho-
todiodes, we have additional complication from carrier transport
effects (drift and diffusion). This combination makes it difficult to
associate a change in the measured signal to the underlying
physics. In principle, highly excited photodiodes can have interest-
ing microscopic processes. It it the purpose of this paper to use
existing literature reporting experiments of highly excited photodi-
odes as a motivation to study theoretically how various physical
processes affect the photovoltaic signal.

The experiment in Ref. 8 used an ultrashort (250 fs) pulse
laser to excite a Ge p-i-n photodetector. They detected a sign
change of the signal in the Ge photodetector (and in a similar
Si-based photodetector) at approximately 50 μs after subpicosecond
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excitation. The experiment in Ref. 9 investigated a HgCdTe
nþ-on-p photodiode, which also showed a crossover on a μs time
scale. Using a 20 ns laser pulse, they show a clear dependence of
the crossover time (i.e., the time between optical excitation and
the sign change of the photovoltaic signal) on the excitation
power, with the crossover time increasing with increasing power.
Reference 10 studied an InGaAs-InP p-i-n photodiode and found
negative signals on a picosecond scale with sensitive dependence
on the external bias and the excitation power.

Both Refs. 9 and 10 provide hypothetical explanations of the
observed effects, but no theoretical analysis is given to support the
hypotheses. Reference 9 explains the observed negative response in
terms of temperature gradients combined with carrier diffusion
that can be expected in their specific design geometry. Reference 10
briefly mentions a space-charge screening effect as a possible cause
for the negative signal but does not elaborate on the detailed physi-
cal mechanism that could explain the observed effect.

There could be many reasons that lead to a negative signal,
including instrument and electrical circuit effects. For example,
using textbook I–V curves for photodetectors (e.g., p. 93 of Ref. 7),
one can show that a simple circuit containing a photovoltaic detec-
tor (such as a p–n photodiode), a resistor, and a capacitor can give
a transient negative signal after ultrafast photoexcitation.11 On the
other hand, the same simple circuit with a photoconductor instead
of the photodiode does not give negative transient signals (more
details in Ref. 11). Since those effects depend heavily on experimen-
tal details and are, therefore, not of fundamental importance, they
will not be considered in this paper.

Instead, in this paper, we address the question of what kind of
photovoltaic signal results from a given physical effect that can
arise due to ultrafast optical excitation. To keep the analysis simple
and general, we consider only a one-dimensional model (assuming
the system to be spatially homogeneous in the other two dimen-
sions). In other words, we do not consider possible complex space
charge effects that would depend on the design details and geome-
try of a given photodiode. Furthermore, we restrict ourselves to the
open-circuit voltage operation (e.g. p. 253 of Ref. 7). In our calcula-
tion, which is based on the self-consistent solution of Poisson’s
equation, we assume that the pn junction is in a stationary state
(either in thermal equilibrium or quasi-thermal equilibrium where
photo-excited electrons and holes are distributed according to
Fermi functions in their respective bands). Our model also applies
to slowly varying systems that, at each point in time, are approxi-
mately in the quasi-thermal equilibrium.

II. METHODOLOGY

A. Basic theory of p–n photodiode

We assume that the p–n diode extends from z ¼ �l=2 to
z ¼ l=2, the p–n interface is z ¼ 0, z , 0 is the p region, and z . 0
is the n region (Fig. 1).

The variables and constants used in this paper are summa-
rized in Table I.

In order to analyze the photovoltaic effect, the voltage curve
inside the photodiode, which contains the information of charge
density, electric field, built-in voltage, and depletion region is nec-
essary. The charge distribution must satisfy Poisson’s equation, and

the voltage curve will be derived through this equation. Since
doping is only z dependent, we will use the 1D Poisson’s equation,

d
dz

ϵ0ϵbE(z) ¼ ρ(z)

d
dz

V(z) ¼ �E(z),

(1)

where V(z) is the electric potential (voltage), E(z) is the electrical
field, ρ(z) is the charge density, and ϵ0ϵb is the permittivity of Ge.
The charge density should be determined from the charge carrier
distribution functions as follows, where, again, we assume thermal
or quasi-thermal equilibrium and, thus, use Fermi functions. The
distribution function fD of donors is

fD μe, zð Þ ¼ 1
1þ 1

Dd
eβ Uc�εD�qeV(z)�μeð Þ , (2)

where Uc is the conduction band energy level; εD is the donor
binding energy; qe is the elementary charge; β is the the inverse
temperature 1=kBT , where kB is the Boltzmann constant; and Dd is
the degeneracy of the donor states. The values of the parameters
are listed in Table I. The z-dependent voltage V(z) and electron
chemical potential μe are to be determined. The charge density of

TABLE I. Parameters used in the numerical simulations.

Doping concentration of n and p-region, ND =NA = 1017 (cm−3)
Elementary charge, qe = 1.60 × 10−19 (C)
Effective mass of electron and hole, me =mh = 9.01 × 10−31 (kg)
Length of light receiving area, l = 6 × 10−5 (cm)
Thickness of the p–n diode along y-direction, d = 10−3 (cm)
Bandgap of Ge at 300 K and 0 Pa, Eg = 0.66 (eV)
Conduction band energy level, Uc = 0.66 (eV)
Valence band energy level, Uv = 0 (eV)
Acceptor binding energy, εA ¼ 10�3 (eV)
Donor band reduction, εD ¼ 10�3 (eV)
Thermodynamic beta, β ¼ 1=(kB T)
Degeneracy of the acceptor, donor states, Da, Dd = 2
Vacuum permittivity, ϵ0 ¼ 8:85� 10�14 (F cm�1)
Relative permittivity of Ge, ϵb ¼ 16:2
Chemical potential of electrons and holes, μe, μh

FIG. 1. Schematic p–n diode in open-circuit voltage configuration, no external
voltage, no electrical leads or electrodes.
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ionized donor atoms [with θ(z) being the Heaviside step function]
is

ρD μe, zð Þ ¼ qeND 1� fD μe, zð Þ½ � θ(z): (3)

The distribution function fA of acceptors is

fA μe, zð Þ ¼ 1

1þ 1
Da
eβ Uv�εAþqeV(z)�μhð Þ , (4)

where Uv is the valance band energy level, epsilonA is the acceptor
binding energy, Da is the degeneracy of the acceptor states. The
hole chemical potential is unknown. The charge density of ionized
acceptor atoms,

ρA μh, zð Þ ¼ �qeNA 1� fA μh, zð Þ½ � θ(� z): (5)

The density of electrons in the conduction band is

ne μe, zð Þ ¼ 2
Vc

X
~k

1

1þ eβ
�h2k2
2me

þUc�qeV(z)�μeð Þ , (6)

where Vc is the volume of the p–n structure. The density of holes
in the valance band is

nh μh, zð Þ ¼ 2
Vc

X
~k

1

1þ e
β �h2k2

2mh
þUvþqeV(z)�μh

� � : (7)

The total charge density is given by

ρ μe, μh, zð Þ ¼ qe nh μh, zð Þ � ne μe, zð Þð Þ þ ρD μe, zð Þ þ ρA μh, zð Þ:
(8)

B. Thermal equilibrium and quasi-thermal equilibrium

When there are no excited charges in the system, the system is
in thermal equilibrium. The condition for the thermal equilibrium
is

μ ; μe ¼ �μh Q ¼ 0, (9)

where Q is the total charge density in the p–n diode,

Q ¼ 1
l

ðl=2
�l=2

ρ μe, μh, zð Þdz: (10)

This can be rewritten as

1
l

ðl=2
�l=2

ne μe, zð Þdz ¼ N(0)
e (T),

1
l

ðl=2
�l=2

nh μh, zð Þdz ¼ N(0)
h (T),

1
l

ð l=2
�l=2

ρ μe, μh, zð Þdz ¼ 0,

(11)

with N(0)
e (T) ¼ N(0)

h (T). We use the boundary condition

V �l=2ð Þ ¼ 0, E �l=2ð Þ ¼ 0: (12)

When there is excited charge in the system, we assume the system
to be in the quasi-thermal equilibrium,

μe = μh Q ¼ 0: (13)

The carrier right density after excitation is larger than the one in
the thermal equilibrium,

1
l

ðl=2
�l=2

ne μe, zð Þdz ¼ Ne . N(0)
e ,

1
l

ðl=2
�l=2

nh μh, zð Þdz ¼ Nh . N(0)
h ,

1
l

ðl=2
�l=2

ρ μe, μh, zð Þdz ¼ 0:

(14)

We use the same boundary condition as in the thermal
equilibrium.

We define the energy difference between conduction band and
μe as Δe and the energy difference between valance band and μh as
Δh. Figure 2 is meant to clarify our nomenclature.

FIG. 2. Schematic z-dependent band profiles meant to clarify our definitions.
(a) Thermal equilibrium and (b) quasi-thermal equilibrium.
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As is shown in Fig. 2, the built-in voltage for thermal and
quasi-thermal equilibrium cases can be expressed as

Vb ¼ Eg þ Δe þ Δh � (μe þ μh): (15)

It shows that the built-in voltage varies with Eg , μe, μh, Δe, and Δh.

C. Hypothesis and framework

As mentioned above, the aim of our work is not to present a
detailed microscopic simulation of a specific experiment, but
a general study of the physical process that might contribute to a
negative photovoltaic signal. However, our results are relevant for
the existing experiments if the following conditions are fulfilled.

(i) The electronic system (charges) behaves essentially like a
one-dimensional system (i.e., the charge distribution does
not vary as a function of the transverse coordinates).

(ii) The system is in thermal or quasi-thermal equilibrium with
zero macroscopic electrical current. For time-dependent
systems, this implies that our study is restricted to a slow
time scale where at each time the system has relaxed to its
quasi-thermal state (see, e.g., Ref. 4).

(iii) The measured instantaneous photovoltaic signal is either the
open-circuit voltage given as Eq. (7.14) on p. 185 of Ref. 12,
here given in our nomenclature,

Sμ ¼ μe þ μh (16)

(note that μe þ μh ¼ 0 before excitation), or it is given by the
photo-induced difference of the built-in voltage, which
equals the photo-induced difference in the conduction band
drop between the left and right terminals of the p–n
junction,

Sb(t) ¼ Vb(t ¼ 0)� Vb(t) (17)

The open circuit voltage refers ideally to the voltage differ-
ence between two terminals on a device when it is not con-
nected to any external circuit and there is no current flowing
through it (see, e.g., p. 24498 of Ref. 13). It can also be
obtained from the I–V curve as the point where the current
is zero7,12 (see also Ref. 14). The built-in potential of the p–n
photodiode, and hence, its modifications Sb can be measured,
for example, by scanning Kelvin probe microscopy.15,16 At a
conceptual level, the advantage of Sb is that it involves only
the electrostatic potential, which, in contrast to the chemical
potentials, is well-defined even if the system is far from
thermal or quasi-thermal equilibrium.

(iv) Transient effects related to the electrical circuit have been
ruled out.

III. NUMERICAL SIMULATIONS

Here, we discuss results obtained from the numerical solution
of the 1D Poisson equation.

For the thermal equilibrium state and room temperature, the
total carrier concentration is found to be

N(0)
e (300K) ¼ 1

l

ðl=2
�l=2

ne(μe, V(z))dz ¼ 4:07� 1016 cm�3,

N(0)
h (300K) ¼ �1

l

ðl=2
�l=2

nh(μh, V(z))dz ¼ 4:07� 1016 cm�3:

(18)

After optical excitation, the whole system assumes a quasi-thermal
equilibrium state, and the total number of charge carriers is
increased,

N(0)
e ¼)Excitation

Optical

Ne N(0)
h ¼)Excitation

Optical

Nh: (19)

The carrier concentration change is

ΔN ¼ Ne � N(0)
e (300K) ¼ Nh � N(0)

h (300K): (20)

From the solution of the 1D Poisson equation, we find the
built-in voltage and z-dependent voltage curves as they vary with
Ne. In the quasi-thermal equilibrium state, the built-in potential
decreases as Ne becomes larger. Figures 3 and 4 show how the
carrier concentration changes the built-in voltage curve; larger the
carrier concentration leads to smaller built-in potential. When
there is no optical excitation, the built-in voltage is
Vb(t¼0) � 0:374V. A simple curve fitting for the built-in potential
vs carrier concentration change shows that there is an approximate
exponential behavior of the form

Vb(Ne) � Vb0 e
� l

w0

Ne

N(0)
e (300K), (21)

where w0 is the length of the depletion region without excitation.

FIG. 3. Voltage curves for different total carrier concentrations.
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Figure 5 shows the z-dependent charge density. As it should be, the
length of the depletion region shrinks with increasing carrier
concentration.

Based on the above results, the z-dependent band profile of
the p–n photodiode can be constructed, which has the same shape
as the flipping of the voltage curve.

In Fig. 6, we show that the optical excitation changes the
chemical potentials, μe and μh. We note that due to the boundary
condition, Eq. (12), μh is almost independent of the photo-induced
carrier concentration, since it is energetically close to the top of the
valence band at the left boundary, and since the electrostatic poten-
tial is chosen to be zero at the left boundary, the top of the valence
band is independent of V(z) at the left boundary. Based on the
assumption 3 and Eq. (15), a reduction in the built-in potential
leads to a negative signal. In Sec. IV, we will discuss the

temperature, pressure, and other density effects related to built-in
potential caused by the photo-excitation, and determine whether
they lead to positive or negative signals.

IV. POTENTIAL EXPLANATIONS

In this section, we will introduce some potential explanations
to the negative signal, and their corresponding symbols are shown
in Table II.

A. Optical excitation without temperature increase

Figure 7 shows the signal obtained with the following effects
(from Table II): optical excitation of the carrier density Ne and Nh

(with Nh ¼ Ne), bandgap renormalization Eg(Ne, Nh), and photo-
striction (for details on bandgap renormalization and photostric-
tion, see discussion in Secs. IV H and IV G, respectively, below).
No change in temperature is taken into account in this figure. We
see that in this case, the signals Sμ abd Sb are positive. We also note
that without change of temperature and for the density range
shown in this figure, the signals Sμ and Sb are almost equal in mag-
nitude. For larger densities, Sb and Sμ become noticeably different.

FIG. 4. Built-in potential vs carrier concentration change. Crosses from numeri-
cal results; green solid line from Eq. (21).

FIG. 5. Charge density vs z-coordinate.

FIG. 6. Electron and hole chemical potential vs photo-induced carrier
concentration.

TABLE II. Potential explanations and symbols.

Effect Symbol

Only optical excitation Ne, Nh

Only carrier heating T, μe, μh
Only temperature-dependent bandgap reduction Eg(T)
Only pressure increase (from anisotropic thermal
expansion + constraints) Ne, Nh Eg(p)
Only bandgap renormalization Eg(Ne, Nh)
Only photostriction (expansion from increased
density) Eg(Ne, Nh)
Only electrostriction (polarization from strain) Eq. (31)
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B. Electrostriction effect

Although the piezoelectric effect, i.e., the appearance of mac-
roscopic electric charges or macroscopic electric polarizations in
response to strain or stress, with the reversal of strain/stress leading
to a reversal of induced electrical charges/polarizations, can only
occur in crystals without inversion symmetry, the effect of electro-
striction can occur in all crystals and dielectrics.

Under the action of the electric field, the medium undergoes a
(possibly very small) mechanical deformation (Ref. 17). For differ-
ent materials, the value of the electrostriction coefficient may vary
by orders of magnitude. For ceramic material (3%Ca/PMN), the
electrostriction coefficient is γ � 10�18 m2 V�2 (Refs. 18 and 19),
but for silicon γ � 10�22 m2 V�2 (Ref. 20). In some literature, the
electrostriction tensor M is often used instead of γ.

In textbooks and reviews, e.g., Ref. 21, the relationship
between stress (σ) and strain (ϵ) tensors is shown to be

σ ¼ C ϵ, (22)

ϵ ¼ S σ, (23)

C ¼ S�1, (24)

where C is the elastic stiffness tensor and S is the elastic compliance
tensor. We can write these relations explicitly for the tensor ele-
ments as

σ ij ¼
X
kl

Cijklϵkl ,

ϵij ¼
X
kl

Sijklσkl ,
(25)

where the subscripts assume the values x, y, and z (the Cartesian
coordinates).

However, Ref. 22 pointed out that the strain also depends on
the electric field. The electrostriction tensor (γ) enters the tensor
relations as follows:

ϵ ¼ Sσ þ γEE, (26)

D ¼ ϵ0ϵbE þ γEσ: (27)

As mentioned in Ref. 22, the second term in Eq. (27) can be
viewed as an E-field-assisted piezoelectric polarization Ppz .
Without the E-field, Ge has a center of inversion and is, thus, not a
piezoelectric material. Using Eqs. (24), (26), and (27), the piezo-
electric polarization is obtained as

Ppz ; γEσ ¼ γC(ϵ� γEE)E: (28)

For the case of Germanium (Ge), the values of the electrostriction
tensor elements given in Ref. 22 maybe to too large, see the discussion
in Ref. 20. Since Si and Ge have similar crystal structures and, there-
fore, can be expected to have electrostriction tensors of similar order
of magnitude, we use in this paper the values for the electrostriction
tensor for Si, rather than Ge, given in Ref. 20. If, in the future, more
reliable data for the electrostriction tensor in Ge become available, the
following estimate should be updated. For an order-of-magnitude
estimate, we consider the case Ex ¼ Ey ¼ Ez ; E, and since Ref. 20
does not give a value for γyxyx, we assume γyxyx and γxxxx to have the
same order-of-magnitude. The cubic term in Ppz is (unit C is
Coulomb)

Pcubic
pz (z) � (2� 4� 4)γyxyx Cyxyx γyxyx Ex Ey Ez

¼ 1:68� 10�31(C cm V�3) E(z)3: (29)

The linear term is, assuming the strain has no shear component and
ϵxx ¼ ϵyy ¼ 10�5,

Plinear
pz (z) � 2γyxyx Cyxyx ϵxx Ez

� 3:74� 10�14(C cm�1 V�1) E(z): (30)

The maximum electric field at the center of the p–n photodiode is, in
our case, E(z)max ¼ 105 V cm�1. Then, the linear piezo-term will be
the dominant one, and the first line of Eq. (1) can be modified as

d
dz

(ϵ0ϵbE(z)þ Ppz(z)) ¼ ρ(z, μ): (31)

Restricting ourselves to the dominant linear piezo term, we have

d
dz

(ϵ0ϵbE(z)þ 2γyxyx Cyxyx ϵxxE(z)) ¼ ρ(z, μ): (32)

The estimate for our case then yields

2γyxyx Cyxyx ϵxx � 3:74� 10�19(C cm�1 V�1) � ϵ0ϵb: (33)

FIG. 7. The signals Sμ abd Sb (almost indistinguishable in this plot) as a func-
tion of excited carrier density at fixed temperature T ¼ 300 K.
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Since the piezoelectric polarization factor (γCϵ) is far less than the
permittivity of Ge, we will, henceforth, neglect electrostriction effects
in the Ge p–n photodiode.

C. Bandgap change due to temperature increase

Temperature affects many properties of semiconductors, such
as the bandgap, intrinsic carrier concentration, and lattice constant.
In this section, the temperature effect will be discussed in detail
(see also Ref. 4). In the following, we assume a light-induced tem-
perature increase ΔT ¼ 10K. From Ref. 23, we use the following
relationship between the indirect bandgap (units eV) and tempera-
ture (units eV),

Eg(T) ¼ 0:741� 4:561� 10�4 T2

T þ 210
: (34)

Considering only the influence of temperature on the bandgap, we
find the relationship between built-in potential and the temperature
shown in Fig. 8.

D. Bandgap change due compressive pressure

Thermal expansion also needs to be considered when the tem-
perature of the crystal changes. When the external pressure is cons-
tant, the volume of most substances increases with increasing
temperature rises and shrinks when the temperature decreases. The
essence of the thermal expansion of solid materials can be attrib-
uted to the fact that the average distance between particles in the
lattice structure increases with temperature. Therefore, the change
in the lattice constant can represent the change of volume.

If, however, the temperature increases but external constraints
prevent the lattice constant from increasing, this will then lead to
compressive strain. It is compressive, because at the elevated tem-
perature the lattice constant would be larger, but in reality the

lattice constant is not changed and, hence, smaller compared to
what it should be at the elevated temperature.

Since the bandgap is pressure dependent, we estimate how the
temperature changes the bandgap through pressure,

ΔT ! LatticeConstantChange ! VolumeChange

! Pressure ! Egchange:

We will explain this process in detail in the following. The lattice
constant expansion coefficient at room temperature for Ge is given
in Ref. 23,

α(T � 300K) ¼ 6 10�6 K�1:

The lattice constant expansion along the horizontal direction
without shear strain is (to simplify the notation used below, we
replace the indices x, y, and z by 1, 2, and 3, respectively),

ϵ22 ¼ ϵ33 ¼ α ΔT: (35)

The volume of the photodiode increases when the temperature
increases, but we assume the hardness of the substrate and the
material surrounding the photodiode to be infinitely large; there-
fore, the photodiode can only expand along the vertical direction.
Therefore, as the temperature increases, horizonal compressive
pressure builds up in the photodiode. Figure 9 shows this schemati-
cally. Therefore, only the top surface does not suffer from the pres-
sure, and the pressure can be expressed from Eq. (25) as

σ11 ¼ C11ϵ11 þ C12ϵ22 þ C13ϵ33 ¼ 0: (36)

Here, for convenience, we use the contracted form of elastic stiffness
and elastic compliance tensors C11 ¼ Cxxxx , C12 ¼ Cxxyy , C44 ¼ Cyzyz .

Based on the symmetry properties C12 ¼ C21 ¼ C23 ¼ C32,
C11 ¼ C22 ¼ C33, we have

ϵ11
ϵ22

¼ � 2 C12

C11
� �0:75: (37)

FIG. 8. The built-in potential vs temperature for the case that the temperature
affects only the bandgap.

FIG. 9. (1) Schematic of the photodiode at room temperature, (2) the photodi-
ode after thermal expansion in vertical and horizontal direction (red dashed line)
without constraints, (3) the photodiode with substrate at room temperature, and
(4) the photodiode with a substrate after thermal expansion in the vertical direc-
tion, but without thermal expansion in the horizontal direction.
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The horizontal “backward pressure” is given by

σ33 ¼ σ22 ; �Δp ¼ C21ϵ11 þ C22ϵ22 þ C23ϵ33: (38)

The pressure dependence of the bandgap at room temperature is
given in Ref. 24 [for silicon, this value is negative (Ref. 25)]:

@Eg
@P

¼ 5:0� 10�11 eV=Pa,

ΔEg ¼ @Eg
@p

Δp:

(39)

Considering only the influence of pressure on the bandgap, we find
the relationship between the built-in potential and the
temperature-induced pressure shown in Fig. 10.

E. Temperature and chemical potential

The temperature rise will also cause thermal excitation, which
will increase the number of electrons and holes. We call this phe-
nomenon carrier heating, by which we mean that we only change
the temperature that explicitly enters the distribution functions
[Eqs. (2) and (4)]. For example, when the temperature increases,
the chemical potential or Δh, Δe will increase accordingly (in the
solutions to the equations). The effect of thermal excitation on the
built-in potential is shown in Fig. 11.

F. Total temperature effects

This subsection will summarize the bandgap effects discussed
above. Figure 12 shows that the carrier heating and temperature
bandgap change are the dominant effects. With an increase in the
temperature, the built-in potential will decrease.

Note that temperature effects alone, without the effects of
photo-excited carriers, change Vb and, therefore, lead to a signal Sb,

but it does not yield a signal Sμ as long as the system stays in
thermal equilibrium at the elevated temperature.

G. Photostriction

Photostriction is the effect of changing the crystal volume as a
consequence of changing the photo-induced carrier (electron-hole)
concentrations. The basic definition of photostriction is that when
excess carriers have been introduced into the sample by illumina-
tion, the lattice constant gets changed (crystal dilatation or expan-
sion), see Refs. 26 and 27. Photostriction is useful in applications
such as optical switches, tuneable lasers, and optical sensors. From

FIG. 10. The built-in potential vs temperature under the condition that the tem-
perature induces only pressure effects that in turn modify the bandgap.

FIG. 11. The built-in potential vs temperature under the condition that only
carrier heating.

FIG. 12. The built-in potential vs temperature with all temperature effects
included. For the parameters used here, the built-in voltage decreases with
increasing temperature; hence, the photovoltaic signal is positive.
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Refs. 24 and 28, the effect can be defined via

δV
V

¼ dEg
dp

ΔN: (40)

For Ge, the pressure-dependent bandgap coefficient is

dEg
dp

¼ 5� 10�6 eV=bar

¼ 5� 10�6 � 1:6 10�18 cm3 ¼ 8� 10�24 cm3:

(41)

When the extra carrier concentration is ΔN ¼ 1017 cm�3, the
volume expansion is

δV
V

¼ 8� 10�24ΔN: (42)

In Sec. IV D, we showed that, in our model, the expansion is only
along the vertical direction. Therefore, the volume change can be
expressed as the length change of the photodiode,

l l (d þ ϵ11)
V

¼ 1þ δV
V

,

ϵ11 ¼ δV
V

:

(43)

This is similar to the previous pressure effect, in that the photodi-
ode only expands along the vertical direction. This effect also leads
to the bandgap change. The horizontal “backward pressure” is
given by

σ33 ¼ σ22 ¼ �Δp ¼ C21ϵ11 þ C22ϵ22 þ C23ϵ33: (44)

The bandgap increases by

ΔEg ¼
@Eg
@p

Δp: (45)

Considering only the influence of photostriction on the bandgap,
we find the relationship between the built-in potential and the
carrier as shown in Fig. 13.

H. Bandgap renormalization

Coulomb exchange interaction in the system of photo-induced
charge carriers leads to the renormalization of electronic bands,
here the valence and conduction bands, Ref. 29. Within the
Hartree–Fock approximation, it is found that at the small electronic
wave vector, this renormalization can be approximated as a rigid
shift of the bands, i.e., the electronic self energies are approximately
independent of the electronic wave vector. Under this condition,
the effect of band renormalization is simply a change of the
bandgap, i.e., bandgap renormalization (BGR). A useful analytical
approximation for the BGR is given in Ref. 30,

ΔEg ¼ � e2κ
2ϵb

: (46)

Here, κ is the 3D Thomas Fermi screening wave number,

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πe2ΔNβ

ϵb

s
: (47)

Considering only the influence of bandgap renormalization on the
bandgap, we find the relationship between the built-in potential
and the carrier concentration change as shown in Fig. 14. The

FIG. 13. The built-in potential vs photoinduced charge carrier density under the
condition that the change in carrier concentration leads only to the photostriction
effect, which in turn modifies the pressure-dependent bandgap.

FIG. 14. The built-in potential vs photo-induced carrier concentration under the
condition that the carrier concentration only leads to bandgap renormalization.
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bandgap renormalization is the dominate effect, and it is several
orders of magnitude larger than photostriction. With an increase in
the carrier concentration, the built-in potential will decrease.

V. COMBINED CARRIER DENSITY AND TEMPERATURE
INCREASE

In this section, we look at the case where the photodiode is
excited with an ultrashort pulse, and then it relaxes back to the
initial state. We assume that both the carrier density increase as a
result of photo-excitation, and that also the temperature increases.

We again assume that all states involved in this process are
quasi-thermal equilibrium states. This may not be true shortly after
initial excitation but becomes more likely for the final phase of
relaxation, which according to experiments can be on a microsec-
ond time scale. Deviations from quasi-thermal equilibrium at long
time scales may also depend on sample quality, as impurities and
mid-gap states may hold localized or slowly diffusing carriers even
on long time scales. The argument regarding a possible negative
signal is limited to systems in or sufficiently close to the quasi-
thermal equilibrium on long time scales. In Figs. 15 and 16,
we plot signal Sμ and Sb, respectively, as a function of carrier
density and temperature using quasi-thermal equilibrium. In this
plane, the line N(0)

e (T) defines full thermal equilibrium (i.e., the
function of intrinsic thermal carrier density vs temperature), at
which μe þ μh ¼ 0 and, therefore, also Sμ ¼ 0. Point A is our initial

state before optical excitation. It is reasonable to assume that excita-
tion on a femtosecond time scale only changes the carrier density,
not the temperature. Hence, immediately after ultrafast excitation,
we would be at point B. The relaxation that follows will, in general,
involve a temperature increase, for example, as a consequence of
non-radiative recombination. Eventually, the system goes back to
the starting point A. Hypothetical relaxation trajectories
Ne(t), T(t), where t denotes time, are indicated in Fig. 15. The
details of the trajectories depend on the details of the physical
sample. But we can now distinguish between two different classes
of relaxation trajectories, the ones that cross the thermal equilib-
rium line N(0)

e (T), and those who do not. Since the signal Sμ
changes sign on the thermal equilibrium line, we conclude that a
negative signal of Sμ occurs for the trajectories that cross the
thermal equilibrium line.

We also see from Fig. 16 that the condition for a sign change
of the signal Sb is more stringent. Not only does the trajectory have
to cross the thermal equilibrium line, it also has to cross the Sb ¼ 0
line at elevated temperature, which occurs at smaller densities.

VI. CONCLUSIONS

We have studied several physical effects in p–n photodiodes
and determined how these effects modify the photovoltaic signals
Sμ [Eq. (7.14) on p. 185 of Ref. 12] and Sb (photo-induced differ-
ence in the built-in voltage). In addition to the strength of the
signals, we determined their signs, i.e., whether the modification
yields a positive or negative signal.

We restricted ourselves to the case of thermal and quasither-
mal equilibrium, and for the description of charge carrier effects,
we restricted ourselves to a simple one-dimensional geometry of
the p–n junction.

FIG. 15. The signal Sμ as a function of temperature and density. The family of
diagonal lines are contour lines Sμ ¼ constant with the constant value indi-
cated. It is worth noting that the effects of small changes in bandgap
(�0:05 eV) on Sμ can be neglected. The thick line is the thermal equilibrium
line N(0)

e (T ) at which Sμ ¼ 0; it separates positive (to the right of the line) from
negative (left of line) signals. Also shown are two hypothetical trajectories
(dashed lines): starting at point A, shortly are ultrafast optical excitation the
density is increased but the temperature is still unchanged (point B), and the
slow relaxation of density can be accompanied by a transient temperature
increase. Depending on the details of the relaxation, trajectories may or may not
cross the Sμ ¼ 0 line at point C. If they do and the system is indeed in quasi-
thermal equilibrium, the signal becomes negative.

FIG. 16. This figure shows the signal Sb, which encompasses optical excitation
of density, changes in bandgap resulting from temperature increase and com-
pressive pressure, as well as contributions from temperature, chemical potential,
and photostriction. The thick dashed line is the thermal thermal equilibrium line
N(0)
e (T ), and the thick (almost vertical) purple line shows where Sb ¼ 0.
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The restriction to the quasi-thermal equilibrium is valid if
carrier recombination processes are slower than the equilibration of
the carriers in their respective bands, i.e., the equilibration of elec-
trons and holes before recombination, see e.g., p. 168 of Ref. 31.
For example, in highly excited silicon (which, as germanium, is also
an indirect-gap semiconductor), the intraband relaxation times can
be as short as 10 fs,32 which is similar to the case of direct-gap
semiconductors.33 Electron intraband relaxation due to coupling
with acoustic and optical phonons takes place on a sub-picosecond
time scale at room temperature.34 Those time scales are well sepa-
rated from that for interband transitions (carrier lifetimes), which
have been found to be between 30 ns and 500 μs, see Ref. 35.
Hence, our theory should be applicable to experiments that use
ultrafast (fs or ps) optical excitations if the observation is limited to
μs time scales. The theory is not valid on fs or ps time scales. It is
also possible that quasi-thermal equilibrium is established locally,
not, as we assume, globally. This could happen on a short (picosec-
ond) time scale, on which fast intraband relaxation due to elec-
tron–electron and electron–phonon establishes a local
quasi-thermal equilibrium, but carrier transport across the p–n
junction may not have been completed. More important for our
analysis would be spatial variations in the chemical potential and/
or temperature on a long (microsecond) time scale. A possible
reason for spatial variations on that time scale could be very slow
diffusion of carriers in midgap states, which are not accounted for
in our theory. This could affect the specific shape of the electro-
static potential and could, therefore, modify the measured signal.
At each point in space, the basic trends related to various physical
changes (e.g., temperature) can be expected to be the same as the
ones found in our study, for example, if the temperature varies as a
function of spatial coordinate z, the bandgap renormalization
would vary accordingly with z. However, the net effect on the
signal would have to be determined for each realization of the local
quasi-thermal equilibrium, which in turn would need to be pre-
dicted by a drift-diffusion theory. Regarding the restriction to a
one-dimensional geometry, we note that one-dimensional theories
provide the most basic insight into the physics of p–n junctions
and are, therefore, used in most textbooks (e.g., Refs. 7 and 12).
Moreover, they have been successfully used to analyze experimental
data of real photodiodes, see, e.g., Ref. 36.

For possible deformations (thermal expansion), we assumed
the expansion to be limited to the direction perpendicular to the
substrate. Our numerical approach includes the relation between
photovoltaic signals and the bandgap and chemical potential. We
analyzed several factors that affect the bandgap and chemical
potential, in particular, photo-induced charges (i.e., increase in the
carrier concentration), temperature change, and pressure changes
caused by temperature increases.

If, on long times scales (toward the end of the relaxation), the
system is sufficiently close to the quasi-thermal equilibrium and
the relaxation trajectory in the plane of carrier density and temper-
ature (Ne(t), T(t)) crosses the thermal-equilibrium line (i.e., the
function of intrinsic thermal carrier density vs temperature) at an
excitation-induced elevated temperature, then the signal Sμ
becomes negative. A negative signal Sb has a more stringent condi-
tion; the relaxation trajectory has to cross the thermal equilibrium
line and the line Sb ¼ 0 at elevated temperatures.

Future research aimed at isolating strain-/stress-related effects
may find that, in certain experimental configurations, the signal is
negative. The strain-/stress-related effects that we found to give a
negative signal in germanium-based photodiodes would not lead to
a negative signal in silicon-based photodiodes, because the pressure
coefficient of the bandgap has a different sign in Si; it is negative in
Si while being positive in Ge.28 It would also be interesting to study
the effects of coherent phonons, as they can lead to substantial
strain variations without necessarily involving a large temperature
increase.

We also note that our study should only be considered a first
step in analyzing the effect of strong optical excitation, be it ultra-
fast or stationary, in photodetectors (including photodiodes and
photoconductors). In principal, each photodetector geometry can
show different high-excitation effects, and possible sign changes or
oscillations in the photovoltaic signal could hint at interesting phys-
ical effects happening at the microscopic level. Future research
using a drift-diffusion approach, aimed at extending the analysis
from the open-circuit voltage operation to the short-circuit current
operation and at analyzing the effects of non-equilibrium transport
phenomena, is desirable for further clarification of transient photo-
detector responses.
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