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Drift-Diffusion Modeling for Impurity
Photovoltaic Devices

Albert S. Lin and Jamie D. Phillips, Senior Member, IEEE

Abstract—A 1-D drift-diffusion modeling for impurity photo-
voltaics is presented. The model is based on the self-consistent
solution of Poisson’s equation and carrier continuity equations
incorporating generation and recombination mechanisms includ-
ing the intermediate states. The model is applied to a prototypical
solar cell device, where strong space charge effects and reduced
conversion efficiency are identified for the case of lightly doped
absorption regions. A doping compensation scheme is proposed
to mitigate the space charge effects, with optimal doping corre-
sponding to one-half the concentration of the intermediate states.
The compensated doping device design provides calculated con-
version efficiencies of approximately 40%, which is similar to the
maximum expected values from prior 0-D models. The carrier
transport between intermediate levels is shown to be noncritical
for achieving the efficiency limit predicted by 0-D models. The
qualitative behavior of the model is compared to existing exper-
imental data on quantum dot solar cells.

Index Terms—Drift-diffusion model, intermediate levels (ILs),
semiconductor, solar cell.

I. INTRODUCTION

SOLAR cells based on materials with multiple absorption
transitions present an alternative technology to multijunc-

tion cells in order to exceed the Shockley and Queisser limit.
In this approach, a narrow band of electron states is inserted
into the absorption region of the semiconductor to provide addi-
tional optical transition paths. These optical transitions provide
response at energies that are lower than the bandgap energy
without sacrificing the open-circuit voltage of the solar cell.
These devices have been referred to as impurity photovoltaics
(IPVs) [1] or intermediate band (IB) solar cells (IBSCs) [2].
IPV conventionally refers to the introduction of low-density
Shockley–Read–Hall (SRH) centers in the forbidden bandgap,
and minimal improvement in the short-circuit current is ex-
pected [1], [3], [4]. The utilization of energy states with highly
radiative transitions is expected to dramatically increase the
efficiency of IPV [5], where the concept is similar to that of
IBSC.

The highly radiative electronic states may be introduced
using impurities, dilute alloys, or quantum-confined structures.
Since the original detailed balance 0-D model [2], further
efforts have been published to enhance the understanding of this
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device, including the effect of intermediate level (IL) energy
position and spectral overlap [6], [7], Auger generation [8],
[9], thermodynamic consistency of subbandgap photovoltaics
[10], quasi-drift-diffusion modeling [11], and equivalent circuit
modeling [12]. Thus far, experimental data have not confirmed
the high conversion efficiency expected for solar cells with
subbandgap optical transitions, where both the open-circuit
voltage (Voc) and the short-circuit current density (Jsc) have
been measured to be less than a single junction cell without ILs
[13]–[15]. Existing 0-D detailed balance models do not provide
adequate framework to explain this experimental behavior and
also do not adequately incorporate physical processes for de-
vice design. The development of a 1-D drift-diffusion model
would enable the design, optimization, and interpretation of
subbandgap absorbing solar cells by incorporating material and
device parameters, including generation–recombination, carrier
transport, device dimensions, and doping profiles. Conven-
tional drift-diffusion models for semiconductors only describe
generation–recombination through nonradiative trap states [3],
[4] and do not provide a straightforward means of incorporating
radiative electron states corresponding to ILs. Furthermore,
convergence for a conventional drift-diffusion numerical model
becomes highly difficult when the concentration of intermediate
states becomes larger than the background doping concentra-
tion of the host semiconductor material.

A quasi-drift-diffusion model has recently been presented
[11], where the electron and hole continuity equations are
solved for the device, without solving the Poisson equation.
This model supports the proposed benefits for IBSC while
partially incorporating drift and diffusion processes into a de-
vice model. The neglect of the Poisson equation in this model
does not include the effect of space charge and the resulting
influence on electrostatic potential. This model is therefore
limited to the analysis of uniform regions of material and
cannot properly analyze junction devices. This approach also
has further limitations, including the inability to determine the
filling of intermediate electron states and the assumption that
diffusion current is dominant for charge collection.

In contrast to the quasi-drift-diffusion model, an IBSC model
incorporating the Poisson equation and a modified SRH recom-
bination process has been presented [13]. The Poisson equation
is exclusively solved in the model in [13], while the electron
and hole continuity equations are ignored with the assumption
that electron and hole quasi-Fermi levels are flat in the base ab-
sorption region. For subbandgap absorbing solar cells, however,
it is important to consider both the drift and diffusion current
components, where junction solar cell devices will consist of
both drift- and diffusion-dominated transport, depending on the
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doping profiles and device geometry. Subbandgap absorbing
solar cells will also typically desire thick absorber regions to
maximize absorption via the ILs (absorption is typically weaker
than band-to-band transitions), where absorption regions would
not be fully depleted as assumed in many existing models.

In this paper, a 1-D drift-diffusion model is presented for so-
lar cells with impurity levels using the self-consistent solution
of the Poisson equation and continuity equations for electrons
and holes. The radiative transitions via the ILs are modeled
according to the original 0-D IBSC paper [2]. Radiative tran-
sitions associated with the ILs are generally not available in
commercial and custom semiconductor drift-diffusion software
packages. To date, the application of a drift-diffusion model has
not been provided for IBSC with the exception of a quasi-1-D
drift-diffusion model such as presented in [11] and [13]. The
IPV/IBSC device model in this work is applied to determine
the optimal device geometry and doping profile.

II. MODEL DESCRIPTION

The IL is modeled as a density of electron states (neutral
when empty) at a singular energy within the bandgap. The
IL states are assumed to be predominantly radiative since
nonradiative transitions via the ILs would essentially preclude
usage of such states in an effective subbandgap absorbing solar
cell. Carrier loss mechanisms include radiative recombination
via band-to-band and IL transitions, as well as nonradiative
transitions via additional SRH centers. Transport between the
ILs is ignored in this model since impurity states (such as N
in III–Nx–V1−x or O in II–Ox–VI1−x) with density on the
order of NI = 1018 cm−3 are not expected to significantly
exhibit coupling. The value of NI is chosen based on previous
calculation on the optimal density of intermediate states [16].
Transport via the ILs relaxes the constraint that G–R balances
locally, where the neglect of this effect provides a “worst
case” estimate of the device performance. Nevertheless, it will
become clear in Section IV that transport between ILs is not
essential for optimized device structures.

The drift-diffusion model consists of the Poisson equation
and continuity equation for electrons and holes. The Poisson
equation for electrostatic potential (ψ) includes the charge
density for electrons (n), holes (p), ionized acceptors (N−

A),
ionized donors (N+

D ), and charge in the intermediate states
represented by the filling of the states (f) and the concentration
of the intermediate states (NI); εr is the relative permittivity,
and ε0 is the permittivity in vacuum. The continuity equations
include the generation and recombination terms Gif and Rif ,
where the subscripts denote the initial and final states in the
valence band (VB), IL or IB, and conduction band (CB).
Nonradiative generation–recombination is included in the term
Rnr. The details for the generation–recombination processes
are described in the following:

⇀

∇ · εrε0

⇀

∇ ψ = −q
(
N+

D − N−
A − n + p − fNI

)
(1a)

⇀

∇ ·
⇀

J n= q(GVC + GIC − RCV − RCI − Rnr) (1b)
⇀

∇ ·
⇀

J p= q(GVC + GVI − RCV − RIV − Rnr). (1c)

The electron and hole current equations include both the drift
and diffusion components according to

Jn(x) = −qDn
dn

dx
− qμnnF (2a)

Jp(x) = −qDp
dp

dx
+ qμppF (2b)

where F is the electric field, D is the diffusion coefficient, and
μ is the carrier mobility. State filling in the ILs is described by
the Fermi–Dirac statistics [13]

f =
1

exp(EI−EFI
kT ) + 1

(3)

where EI is the IL energy position and EFI is the IL quasi-
Fermi level.

The generation rates for optical transitions are defined by

G(x) =

Efinal∫
Einitial

Is(E)αe−αtotx dE (4)

where E is the energy and α is the optical absorption coefficient
for IL-to-CB, VB-to-IL, or VB-to-CB transitions. The total
absorption coefficient is given by αtot = αIC + αVI + αVC. A
fixed absorption coefficient is assumed for transitions via the
IL. A truly accurate description would require dependence on
the occupancy of the impurity states, although, in the case of
fixed state filling, this effect is negligible. The calculations in
this paper assume nonoverlapping absorption spectra for the
intermediate and band-to-band transitions, where the effect of
spectral overlap for IBSC has been studied elsewhere [6], [7].
The incident spectrum Is(E) is

Is(E) =
2π

h3c2

XfsE
2

exp
(

E
kTs

)
− 1

(5)

where fs = 1/46 050 is the solid angle subtended by the sun,
X is the solar concentration (X = 1 in this work), k is the
Boltzmann constant, h is the Plank’s constant, c is the speed
of light, and Ts = 5963 K is the temperature of the sun.

Assuming nondegenerate conditions, the recombination rate
for CB to VB can be written as

RCV(x) =
2π

h3c2

∞∫
EG

exp
(
−E

kT

)
αVC

× exp(−αtot(x + Wp)) E2/n2
i dE

×
(
n2

i exp
(μCV

kT

)
− n2

i

)

= Br

(
np − n2

i

)
(6)

where Br is the radiative band-to-band recombination coeffi-
cient [11], μCV = EFC − EFV, EFC and EFV are the electron
and hole quasi-Fermi levels, and ni is the intrinsic carrier con-
centration. The nondegenerate approximation has been shown
to be appropriate for 0-D modeling [17]. In our model, the
nondegenerate approximation results in a maximum error of
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5.4 × 10−7% in the Bose–Einstein factors used to calculate the
recombination rates [2]. Similarly, the recombination rates for
CB to IL and IL to VB are given by

RCI(x) =
2π

h3c2

EH∫
EL

⎛
⎝ 1

exp
(

E−μCI
kT

)
− 1

− 1

exp
(

E
kT

)
− 1

⎞
⎠

× αIC exp−αtotx E2 dE (7a)

RIV(x) =
2π

h3c2

EG∫
EH

⎛
⎝ 1

exp
(

E−μIV
kT

)
− 1

− 1

exp
(

E
kT

)
− 1

⎞
⎠

× αVI exp−αtotx E2 dE. (7b)

The aforementioned equations for RCI and RIV are dependent
on μCI = EFC − EFI and μIV = EFI − EFV, where mathe-
matical transformations are used to write in terms of n and p.
Equations (7a) and (7b) can be arranged into the following
form [18]:

RCI(x) =RCI,0

[
exp

(
EC − EFI

kT

)
× n/Nc − 1

]
(8a)

RIV(x) =RVI,0

[
exp

(
EFI − EV

kT

)
× p/NV − 1

]
(8b)

where EC is the CB edge energy, EV is the VB edge energy,
and NC and NV are the electron and hole effective density of
states. The relation between carrier concentration and quasi-
Fermi levels is given by

n = NC exp
(

EFC − EC

kT

)
(9a)

p = NV exp
(

EV − EFV

kT

)
. (9b)

Equations (9a) and (9b) provide more accurate expressions in
comparison to the quasi-drift-diffusion model [11], where the
quasi-Fermi level for the IL (EFI) is assumed to be constant.
The generation and recombination processes in the ILs are
assumed to be balanced

RVI(EFI,p, x) − GIV(x) = RCI(EFI, n, x) − GIC(x) (10)

implying that current flow via the IB is negligible [13].
SRH recombination is assumed to be the dominant nonradia-

tive mechanism in a semiconductor, where the recombination
rate is given by

RSRH =
np − n2

i

τp(n + n1) + τn(p + p1)

n1 = ni exp
(

Et − Ei

kT

)

p1 = ni exp
(

Ei − Et

kT

)
(11)

TABLE I
SIMULATION PARAMETERS

where ni is the intrinsic carrier concentration, Et is the trap
energy position, and Ei is the intrinsic Fermi energy. In these
simulations, the electron and hole lifetimes are assumed to
be equal with the trap level at Et = Ei, where SRH recom-
bination is at a maximum. Other nonradiative recombination
mechanisms can similarly be incorporated into (1b) and (1c)
similar to conventional drift-diffusion models. Prior IBSC mod-
els generally did not include this capability since the conti-
nuity equations were solved in terms of μCI and μIV, rather
than ψ, n, and p. The SRH recombination parameters are
assumed to be uniform through the devices simulated in this
paper, although the parameters could be assigned arbitrarily
(e.g., higher density of trap states near interfaces or in the
IL region).

Carrier concentration and electrostatic potential are calcu-
lated by solving the Poisson and continuity equations (1) using
a coupled Newton’s method. The solution under equilibrium is
used as an initial guess. The boundary conditions assume ohmic
contacts where the carrier concentrations are at the equilibrium
values. The positions of EFC and EFV are calculated using
(9a) and (9b). The parameters used for all the simulations are
summarized in Table I. The bandgap energy and IL energy
position are assigned the values of EG = 1.95 eV and EI =
1.24 eV, respectively, based on the optimal values obtained
from the 0-D detailed balanced calculations [6], [18]. The
device structure assumes a p- and n-type emitter with an IL
absorber region, as shown in Fig. 1. The conversion efficiency
of the solar cell is calculated by

η =
Jsc × Voc × FF

Psun
(12)

where Jsc is the short-circuit current density, Voc is the open-
circuit voltage, FF = JmVm/JscVoc is the fill factor, Jm and
Vm are the current density and voltage at the operating point
where the power output from the solar cell is maximum, respec-
tively, and Psun is the incident solar power density including
concentration X [18].
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Fig. 1. Illustration of the prototype subbandgap absorbing solar cell device
structure and energy band diagram.

Fig. 2. Calculated energy band diagram for a lightly doped base at short
circuit (W = 1 μm, ND(base) = 1014 cm−3).

III. LIGHTLY DOPED ABSORBER

Initial simulations were conducted for a solar cell with uni-
form IL absorber layer with n-type doping of ND = 1014 cm−3

and width of W = 1 μm. The calculated band diagram for this
device is shown in Fig. 2. The band diagram deviates from a
conventional p-i-n (or similar p-π-n, p-υ-n) device, where the
energy band profile variation is nearly linear in the i (π, υ)
region. The nonlinear band profile is a result of the spatial vari-
ation of charge in the ILs and illustrates a primary shortcoming
of 0-D models and quasi-1-D models, where linear potential
profiles are assumed. The calculated quasi-Fermi level EFI is
significantly below EI , with a corresponding low occupation of
the IL. The assumption of a half-filled impurity states that [2],
[11], and [17] will therefore not hold unless there is another
mechanism for electron capture/escape such as field emission
[18], [19]. Consequently, the high efficiency predicted by the
0-D models would not be realized in this device configuration.

The current-density–voltage (J–V ) characteristics of this de-
vice under varying SRH lifetime are shown in Fig. 3. The finite
slope near the short-circuit condition is due to an increase in
the recombination rate with bias and reduced carrier collection
due to the reduction in the electric field with increasing forward
bias. The fill factor and resulting conversion efficiency (η) de-

Fig. 3. Current-density–voltage characteristics for varying τSRH and (inset)
resulting conversion efficiency (W = 1 μm, ND(base) = 1014 cm−3). The
baseline is a p-i-n-type device without ILs and SRH.

Fig. 4. Current-density–voltage characteristics for varying base width (no
SRH recombination) and (inset) resulting conversion efficiency (ND(base) =
1014 cm−3).

crease with decreasing τSRH, as shown in the inset in Fig. 3. The
decreased Voc is the result of increased diode dark current due
to nonradiative recombination. Thus far, experimental results
have shown a decrease in Voc for the case of IBSC, while
the results for Jsc have been variable [12]–[15], [20], [21].
The results in Fig. 3 suggest that the reduction in Voc may be
associated with the increased SRH process associated with the
material with impurity sites. In the extreme case of high SRH
recombination, Jsc for IBSC may be reduced below the value
of a control sample without IB.

Solar cell conversion efficiency will depend on the base
width (W ), where there is a clear tradeoff related to max-
imizing optical absorption (large base width W ) and maxi-
mizing carrier collection (small base width W ). This tradeoff
is typically deemed to be limited by SRH recombination. In
these simulations, however, an optimal W is also found for the
case of no SRH recombination. The J–V characteristics and
conversion efficiency dependence on W for the case of no SRH
are shown in Fig. 4. The decrease in efficiency for large W



3172 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 12, DECEMBER 2009

Fig. 5. Spatial dependence of state filling f for the case of ND = 5 ×
1017 cm−3 and ND = 1014 cm−3 and (inset) dependence on base doping.

is the result of increased recombination rates via the ILs in
the base region. The recombination processes via the IL will
depend on the carrier populations in the IL, where increasing
W will increase the filling of impurity states and increase the
recombination rate. This result emphasizes the importance of
the 1-D drift-diffusion model, where filling of impurity states
and recombination rates have a significant dependence on the
space charge characteristics of the device.

IV. COMPENSATED BASE DOPING

One key outcome of the simulations for the devices with a
uniformly doped absorber layer is the low carrier occupation in
the ILs. It is desirable to increase the occupation of intermediate
states to maximize photogeneration via these i states. However,
increased carrier occupation in the intermediate states will
significantly alter the space charge and potential profile. The
achievement of the half-filled condition in the intermediate
states throughout the full absorption region will therefore re-
quire a means of compensating the space charge. Varying the
doping in the base absorber region is proposed in this paper to
compensate the space charge that is related to carriers in the
intermediate states.

The effect of absorber layer doping on IL occupation is
shown in Fig. 5 for an impurity concentration of NI = 1 ×
1018 cm−3 and absorber doping varying between ND = 1 ×
1017 cm−3 and ND = 9 × 1017 cm−3. For a base doping that
is half of NI , the occupation of IL electron states is clamped
at 50%. The resulting band diagram for the case of NI =
1 × 1018 cm−3 and ND = 5 × 1017 cm−3 is shown in Fig. 6.
The compensated base doping approach results in a flatband
region in the absorber, where the IL quasi-Fermi level (EFI) is
pinned at EI . With compensated base doping, the state filling
is clamped at 50%. In this case, the band is flat, and the region
is essentially charged neutral since the ionized dopant and IL
space charge are nearly balanced. In this device design, the
depletion region is limited to the region near the base/emitter
junction. Carrier transport in the flatband region for this device

Fig. 6. Calculated energy band diagram for the case of compensated base
doping with W = 1 μm, NI = 1 × 1018 cm−3, and ND = 5 × 1017 cm−3

at short cirucit.

Fig. 7. Current-density–voltage characteristics for varying τSRH and (inset)
resulting conversion efficiency (W = 1 μm, ND(base) = 5 × 1017 cm−3).
The baseline is a p-i-n-type device without ILs and SRH.

would therefore be dominated by diffusion, rather than the drift
current that would be typical for a p-i-n device structure.

The original 0-D IBSC model [2] stated that the optimal
conversion efficiency would require a half-filled IL and corre-
sponding EFI pinned at EI . The original model also assumed
that EFI, EFC, and EFV are flat in the absorber base region.
The proposed compensated base doping here provides a means
of achieving these conditions, with a device structure that
could provide the idealized maximum conversion efficiency.
The compensated base doping approach, together with highly
doped p- and n-emitters, maintains VOC at a maximum value
[18] and eliminates reduction in the fill factor due to the charge
in ILs.

The J–V characteristics and conversion efficiency for vary-
ing SRH lifetime and base width are repeated for the case
of compensated base doping (Figs. 7 and 8). An increase in
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Fig. 8. Current-density–voltage characteristics for varying base width (no
SRH recombination) and (inset) resulting conversion efficiency (ND(base) =
5 × 1017 cm−3).

the conversion efficiency is calculated for the compensated
base doping design in comparison to lightly doped absorber
layers. The occupation of intermediate states is increased from
nearly empty to f ∼ 0.5 through compensated base doping.
The resulting fill factor is improved from 0.811 to 0.871 (W =
1 μm), and the maximum efficiency for large W is increased
from 29.0% to 41.1%. The compensated base doping clamps
the quasi-Fermi level EFI at EI regardless of the bias condition,
preventing the depletion of the IL that would occur for the
lightly doped base design. Similar to prior IBSC model for-
mulations [6], [7], [11], [17], [19], the effect of IL occupation
on the optical absorption coefficient is not incorporated in
this model. The incorporation of IL occupation is expected to
provide even lower efficiency values for the case of a lightly
doped base, where low occupation in the impurity states would
provide small values for absorption between the IL and CB
(αIC). The dependence of calculated efficiency on base width
for the case of no SRH recombination in the compensated base
doping design is shown in Fig. 8. The compensated base doping
design eliminates any constraint on maximum W , in contrast
to that in Fig. 4. The doping in this design serves to fix the
occupation of the IL near f = 0.5, providing a fixed recom-
bination rate that would otherwise vary with IL occupation
due to space charge characteristics. The efficiency in Fig. 8 is
η = 28.05% (W = 1 μm) and 41.12% (W = 5 μm), which is
very close to the detailed balance limit of η = 28.36% (W =
1 μm) and 44.57% (W = 5 μm) [2]. This indicates that trans-
port between impurity states is not essential for high-efficiency
subbandgap absorbing solar cells once half-filled band and
suppressed nonradiative recombination is achieved. One of the
outcomes of the simulations for the compensated base doping
scheme is an increase in the solar cell fill factor, where a more
“boxlike” J–V curve is observed in relation to the lightly
doped device structure. This result is consistent with recent
experimental results, where a δ-doping scheme matched to the
density of quantum dots has resulted in “boxlike” J–V curves
[12]–[14]. On the contrary, IBSC consisting of quantum dots

embedded in a p-i-n device structure has demonstrated reduced
fill factors in comparison to baseline control samples [15], [21],
which is similar to the case of a subbandgap absorbing solar
cell with lightly doped base and increased SRH recombination
presented in this paper.

V. CONCLUSION

A 1-D drift-diffusion modeling for IPVs has been presented.
The results are consistent with prior 0-D models, verifying the
ability to achieve high efficiency in the case of low nonradiative
recombination and good electronic transport properties. The
drift-diffusion model has identified that space charge effects
are significant for subbandgap absorbing solar cells with lightly
doped regions, where devices would have low occupation of IL
and corresponding low conversion efficiencies. A doping com-
pensation scheme is proposed to clamp the IL quasi-Fermi level
at the IL position to reduce the space charge effects and to maxi-
mize optical generation. The compensated base doping scheme
also eliminates the intrinsic dependence of efficiency on base
doping due to space charge effects and increases the maximum
achievable efficiency to > 40%, near the values predicted for
0-D IBSC devices. The simulations are consistent with recent
experimental demonstrations on quantum dot IBSC, suggesting
that SRH can reduce Voc and even Jsc below the baseline value.
Moreover, the reduced fill factor in p-i-n structures is related to
increased SRH recombination, while the increased fill factors
for δ-doped structures are related to the achievement of the
half-filled intermediate states. The 1-D drift-diffusion model
facilitates the future design of subbandgap absorbing solar cells
and related devices using the established framework of solving
carrier continuity and electrostatic equations.
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