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Abstract
An improved one-dimensional analysis of

CMOS photodiode has been derived in which the
effect of the substrate, which forms a high-low
junction with the epitaxial layer, has been
included. The fully analytical solution was
verified with numerical simulations based on
parameters extracted from a standard 0.35 µm
CMOS process. The parameter availability and
the degree of accuracy for photoresponse
modeling are briefly discussed. Two empirical
parameters are suggested to offset the
unavoidable inaccuracies in the employed
parameters. The derived semi-empirical
expression exhibits a good agreement with the
measured spectral response of n+pepi photodiodes
fabricated using a standard 0.35 µm CMOS
process. The simplicity and the accuracy of the
model makes it a suitable candidate for
implementation in circuit-level simulation of
n+pepi CMOS photodiodes. The applicability of
one-dimensional approximation of the peripheral
photoresponse in linear- and two-dimensional
arrays is also discussed with measurements
based on linear photodiode arrays.

I. Introduction

Historically, following the classical one-
dimensional analyses of photodiodes and other
photovoltaic devices [1-3], subsequent efforts
focused on the effects of lateral diffusion in
linear and two-dimensional arrays as they were
generalized with CCDs. Several studies of lateral
diffusion have investigated the edge effect – the
peripheral collection of photocarriers along the
lateral edge of the photodiode – also known as
peripheral photoresponse or lateral photocurrent
[4-12]. Other studies of lateral diffusion have
dealt with the lateral crosstalk – the unwanted
component of lateral current consisting of stray
photocarriers that have diffused out of the pixel
site from which they have originated –
suggesting a number of ways to minimize this
effect [13-19]. A number of publications
provided the analysis of the effect of lateral
crosstalk on the modulation transfer function
(MTF) of the imaging array [1,13-16]. Several
researchers have also proposed a definition

termed cross-responsivity, which employs lateral
diffusion from excitation of a single photodiode
to characterize the lateral diffusion an array of
photodiodes, analogous to impulse response of a
linear time-invariant system [16-19].
Notwithstanding the importance of multi-
dimensional effects such as lateral diffusion,
however, we have considered one-dimensional
effects particular to CMOS technology, such as
the high-low doped junction between the
epitaxial layer and the substrate, which has not
been extensively treated in the literature [15].

II.  One-Dimensional Analysis

Fig. 1 shows the measured spectral response
obtained from an n+-pepi photodiode fabricated
on a standard 0.35 µm nwell process and the
theoretical transmission coefficient, (1-R), of a
single amorphous silicon dioxide overlayer,
fitted to the observed interference pattern in the
measured spectral response. It can be observed
that optical reflection is responsible for a
significant loss of incident photons.

Given that the substrate is generally more
heavily doped than the epitaxial layer, the
resulting electric field causes the drift of
photocarriers from the substrate bulk to the
epitaxial layer. If we neglect the substrate
contribution, however, the maximum possible
internal quantum efficiency of epitaxial layer for
now is simply the integration of all optical
generation occurring within the epitaxial layer
thickness, t, i.e.
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Fig. 2 shows a comparison of the measured
spectral response with the expression in (1)
multiplied by the previously obtained values of
(1 - R). The thickness of the epitaxial layer (3.0
µm) was estimated using an scanning electron
microscope. From the comparison it can be
observed that the epitaxial layer alone cannot
account for all of the measured photoresponse,
especially in the long-wavelength regions of the
visible spectrum where the substrate contribution
is expected to be the largest. Consider Fig. 3
depicting the one-dimensional structure of n +-pepi
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type photodiode. We assume that the epitaxial
layer is characterized by thickness t, a uniform
doping concentration Ne, and a diffusion length
Le. The substrate is characterized by a different
doping concentration Ns, and diffusion length Ls.
The depletion region of the photodiode
penetrates the epitaxial layer to a depth, d, below
the surface. The proposed boundary conditions
for the excess carrier density in the epitaxial
layer are
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where s is the flux of excess minority carriers
injected into the epitaxial layer which have
originated from the substrate and the high-low
junction. As for the substrate [15],
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The expression for s was solved by introducing
the relation,
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by assuming that the generation within the high-
low doped junction is negligible. The resulting
excess carrier density distribution in the epitaxial
layer aided by the substrate contribution, ne, and
the corresponding diffusion-based photocurrent
at the photodiode junction is shown in Fig. 4.

However, as illustrated in Fig. 5, calculations
showed that the boundary condition (4), used in
determining the excess carrier distribution in the
substrate, may be effectively approximated by

0)(ˆ =tns
(7)

when the substrate is doped significantly higher
than the epitaxial layer (Ns/Ne>10).  Following
the above approximation, the expression of
photocurrent simplifies to that shown in Fig. 4. It
can be observed that in the limiting case where
Ls<<Lop the derived expression of quantum
efficiency reduces to the case with zero net flux
from the substrate ( s = 0), as expected. In the
other limiting case where Ls>>Lop the expression
reduces to
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which characterizes 100% collection efficiency
for all optical generation below the photodiode
junction depth. Numerical simulations were
employed to verify the derived photocurrent
expression in which a set of parameters based on
the 0.35 µm process were adopted.

III.  Suggested Empirical Parameters

The comparison of the derived quantum
efficiency expression with experimental data
requires several material parameters that are not
accurately known, including the minority carrier
lifetime in the substrate. Given that the minority
carrier diffusion coefficient and the minority
carrier lifetime of the substrate are not generally
characterized, we have replaced the substrate
diffusion length in the analytical model with an
empirical parameter, Ls,fitted, as a matter of
convenience. Fig. 6 shows the result of fitting the
substrate diffusion length to the measured
spectral response. The substrate diffusion length
of Ls,fitted = 4.0 µm was extracted from the best
fit; this is a reasonable value since the
divergence of the measured quantum efficiency
from the theoretical curve of (1-R) indicates that
Ls is not  considerably larger than (Lop – t),
which is approximately 6.7 – 3.0 = 3.7 µm at
660 nm.

The divergence of the theoretical expression
from the measured spectral response at the short-
wavelength end of the spectrum (in Fig. 7) is due
to the optical generation in the photodiode
depletion region and the diffusion current in the
“n+” quasi-neutral region. Assuming that no
recombination takes place in the depletion region
of the photodiode, the optical generation can be
incorporated into the analysis simply by adding
the integration of optical generation within the
depletion region. This simply results in an
expression where the junction depth, d, is
replaced by (d-w) where w is the width of the
photodiode deletion region.

However, the extraction of the junction depth
and the doping concentrations by which the
depletion width may be calculated have to be
extremely precise in order to yield an accurate
short-wavelength response: the optical
absorption distance for 400 nm light is only
about 80 nm so that inaccurate calculation of (d-
w) by 10 nm causes the short-wavelength to vary
by about 10%. While the metallurgical junction
depth may be extracted at the level of the
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required accuracy, the determination of the
depletion width is complicated by the fact that
the doping density of the epitaxial layer near the
surface is controlled by the threshold voltage
adjustment implant, which is not generally
characterized in terms of the final value near the
surface. Hence, as a matter of convenience, (d-w)
is simply replaced by empirical parameter dfitted

in the final expression shown below:

J ph = qGoLop exp(−d fitted / Lop ) − Lop exp(−t/ Lop)
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Pin is the incident power density,  is the
wavelength, h is plank’s constant, and c is the
speed of light.

The parameter, dfitted, denotes the effective
junction depth at which the derived expression,
based the epitaxial layer and the substrate
photocurrent, can be adapted to accurately follow
the measured photoresponse at the short
wavelength end of the visible spectrum. This
parameter also empirically incorporates the
effect of surface recombination, which
significantly affects the short-wavelength
response of the photodiode. We have found that
the empirical parameter dfitted provides a good fit
to the measured data at the short-wavelength
regions of the visible spectrum although the
theoretical photocurrent contribution of the n+
quasi-neutral region does not conform to the
aforementioned empirical fitting  exp(-d/Lop).
Fig. 8 shows the result of the empirical fitting at
Ls,fitted = 4.0 µm and dfitted = 50 nm. Note that the
reported metallurgical junction depth was 100
nm. From Fig. 8, it can be seen that the semi-
empirical expression provides a reasonable fit to
the measured spectral response. An improved
model of optical reflections in CMOS overlayers
appears necessary in order to further minimize
the remaining discrepancies.

IV. Summary:

In summary, a fully analytical derivation of
CMOS photodiode quantum efficiency was
introduced. Two empirical parameters were
suggested as a practical alternative to the
parameter extractions that need to be highly
precise.
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Fig.  1.  (a) Measured external quantum efficiency of n+-pepi

photodiode – thin line with data points; (b)  (1-R) of single layer 
of amorphous silicon dioxide (6.025 µm thick) – thick line. The 
applied illumination intensity ranged from 0.9 to 10 µW/cm2.

Fig.  2.  (a) Measured external quantum efficiency of n+-pepi

photodiode – thin line with data points; (b) Theoretical quantum 
efficiency based on epitaxial collection only – thick line.
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Fig.  3. A simple depiction of one-dimensional n+-pepi type 
photodiode.

Fig.  5. The excess electron concentration profile in the substrate 
as a function of the substrate to epitaxial doping ratio (Ns/Ne) 
obtained by device simulation using Medici. The employed 
parameters were extracted from a standard 0.35 µm CMOS 
process. 
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Fig.  4. The simplification of the photocurrent expression 
following the simplification of the high-low junction by an ideal 
carrier sink. The shown solution of photocarrier flux across the
epitaxial-substrate interface, Φs, reduces to its first term in the 
case the high-low junction is approximated by an ideal carrier 
sink.

simplifies to 

Illumination: 740 nm at 10 µW/cm2
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Fig.  7. (a) Measured external quantum efficiency of n+-pepi
photodiode – thin line with data points; (b) Final expression of 
quantum efficiency with empirical parameters (at Ls,fitted = 3.0 
µm and dfitted = 50 nm) – thick line. 

Fig.  6.  (a) Measured external quantum efficiency of n+-pepi
photodiode – thin line with data points; (b) Semi-empirical 
quantum efficiency fitted by varying substrate diffusion 
length (at Ls,fitted = 3.0 µm) – thick line
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