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Abstract— An empirical investigation on improving the
pinned photodiode (PPD) demodulation contrast by tailor-
ing the geometry of the device is presented. Results of
this TCAD simulation-based study are used to develop a
structure especially suited for time-of-flight applications.
In order to obtain a fair comparison between various PPD
shapes, a square structure is adopted as a benchmark and
all subsequent PPD geometries use the same process para-
meters. Five different PPD shapes are compared: 1) nominal
square-shaped PPD; 2) triangular PPD; 3) constant-field
PPD; 4) L-shaped constant-field PPD; and 5) proposed PPD.
Device physics simulations are undertaken and the speed
of each structure is evaluated on the basis of its demodula-
tion contrast. It is shown that triangular and constant-field
PPDs can provide significant improvement compared with
a conventional square-shaped PPD, however they still lack
effective lateral charge transfer in the final electron sorting
stage. The final PPD proposed in this paper achieves this
with a tailored PPD shape and doping gradient. In addition,
the transfer gates are placed close to one another to make
use of gate-induced fringe fields and thus improve the
speed of electron sorting. Using these techniques, a PPD
demodulation contrast of 61% is obtained at a frequency of
100 MHz, which is comparable to the contrast achieved in
state-of-the-art photogate-based designs.

Index Terms— Active pixels, CMOS image sensors,
LIDAR, photon-mixing device (PMD), pinned photodiode
(PPD), quantum efficiency modulation, time-of-flight (ToF).

|. INTRODUCTION

IME-OF-FLIGHT (ToF) cameras are emerging as a

very promising technology with many potential applica-
tions [1], [2]. They provide depth information of the camera’s
field of view, and can, therefore, give a 3-D representation
of a scene without computationally expensive postprocessing.
Consequently, over the last several years, they have been
extensively studied through rapidly increasing development
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efforts both in industry and academia. The reason behind
such a focused attention is the large number of potential
applications: augmented and virtual reality (for gesture and
object recognition), advanced driver-assistance systems, self-
driving cars, 3-D scanners, video games, biomedical imaging
systems, drones, and robots.

An effective way of implementing ToF camera sen-
sors is by using pixels based on single photon avalanche
diodes (SPADs) [3]-[9]. SPADs can provide high depth
resolution with down to millimeter range accuracy, but require
dealing with complex intricacies related to device physics,
which increases their development price.

Thanks to their smaller physical size and lower development
costs, an attractive alternative to SPADs are ToF pixels based
on photon-mixing devices (PMDs). By strictly defining the
timing (both phase and frequency) of photodetector charge
integration and transfer, these devices can perform demodula-
tion of the light signal emitted from a modulated light source
and reflected by the objects in the scene. PMD pixels can
determine the phase difference between the transmitted and
received light (which translates directly to depth) even in the
presence of significant ambient light. One of the pioneering
efforts in developing charge coupled devices that can perform
photon mixing was described in [10]. This paper was later
built on and improved over the years [11]-[14].

In modern implementations, PMDs are typically fabricated
using standard CMOS processes. Photogates are commonly
used as light detectors due to their inherently high demodula-
tion speed [15]-[17]. On the other hand, photodiodes (PPDs
in particular) typically provide higher quantum efficiency, less
noise (and, therefore, higher depth resolution), and better
spectral response than photogates. However, in their nominal
form, photodiodes suffer from a lack of lateral electric field,
which results in a slow lateral charge transfer. A combination
of photodiodes with gates over the field oxide is used in [18]
to exploit the benefits of superior spectral response while still
achieving high charge transfer speed. Designs in [19]-[22]
use extended gates over the PPDs to generate a lateral electric
field and improve the charge transfer speed. A different
technique to improve the speed of PPD charge transfer is
described in [23] by using very wide (9 um) charge transfer
gates (TGs). The same design was later modified to implement
transistor and floating diffusion sharing and to reduce the
pixel size [24], [25]. A single-tap (one bucket) structure
with concentric gates is developed in [26] to push electrons
toward the center of the diode. Sensors in [27]-[29] take the
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Fig. 1. Benchmark gate design and nominal photodiode structure used for comparison. (a) TG design illustration, including n-well to TG overlap (OV)
and TG threshold adjusting (TGVT) layer. (b) Top view of the nominal (square) photodiode structure with two floating diffusions (buckets/taps). Overlap
OV of 0.3 um is used in this example for illustration clarity. An overlap of 0.1 um is found to be optimal for the process parameters used in this paper.
(c) Potential profile with the TG OFF (top) and ON (bottom) after optimization shows no visible potential pockets or barriers.

gate-induced lateral field technique one step further by
performing the photon mixing with lateral electric field mod-
ulation using a specially designed set of gates.

Gate-induced lateral field techniques do come with certain
drawbacks. If the gates are placed on top of the photosensitive
part of the diode (as, for example, in [19]-[21]), the gates
reduce the amount of light that reaches the diode by absorbing
and reflecting it, therefore causing a reduction in quantum effi-
ciency. If the gates are placed on the side of the photosensitive
part of the diode (as, for example, in [27]-[29]), this lowers the
pixel fill factor, again reducing the amount of light reaching the
photodiode. These tradeoffs have forced researchers to explore
alternative ways to create a lateral electric field in a PPD. One
of those ways is to induce the lateral field by creating a doping
concentration gradient [30]. Another approach is to tailor
the potential profile by modifying the photodiode shape as
in [31] and [32].

This paper investigates lateral electric field formation by
the shape of the PPD. The effect of the photodiode shape
is investigated by defining a benchmark, keeping all the
parameters constant except for the shape of the photodiode and
comparing the following structures in terms of demodulation
contrast: 1) nominal square-shaped PPD; 2) triangular PPD;
3) constant-field PPD; 4) L-shaped constant-field PPD; and
5) proposed PPD. Single-tap [22], [23], [26], [32] and two-
tap pixel structures [18]-[21], [23], [25], [31] are the most
widely used in ToF applications. In terms of photodetecting
structure, single-tap structures are very similar to two-tap
topologies once the drain/reset gates are added [22], [23], [32].
For this reason, two-tap structures are assumed in this paper.
The photodetectors containing four taps [27]-[30] are typically
symmetrical devices that can be divided into two pairs of
two-tap devices. Therefore, the results of this paper could

(with some caution) be extrapolated to these devices as well.
Based on the obtained results, a gradient in doping concen-
tration (a technique previously proposed in [30] and [33]) is
combined with the photodiode shape proposed in this paper
to achieve a final boost in performance and form an overall
effective solution for high charge transfer speed and thus high
demodulation contrast.

Il. DEMODULATION CONTRAST VERSUS PPD SHAPE

In order to isolate and compare the effect of the PPD shape
on lateral charge transfer speed, a clearly defined benchmark
is needed. By using a reasonable benchmark, the obtained
results could be mapped to different fabrication processes.
Even though the actual process tuning will determine the
final parameters/performance of the device, some general
conclusions related to the performance of different PPD shapes
will still hold. Therefore, the same process parameter values
are used in all the structures, as well as the same TG design.
The metric of comparison is the demodulation contrast, a
crucial parameter in ToF applications. Therefore, this section is
divided in two parts: 1) benchmark definition and 2) structure
performance.

A. Benchmark Definition

All the investigated PPD structures have the same TG
structure, as shown in Fig. 1(a). As in conventional image
sensors used in high frame rate applications, the goal of the
ToF pixel is to make the charge transfer as quick and efficient
as possible. The TG threshold voltage adjusting layer [TGVT
in Fig. 1(a)] is necessary to ensure a voltage barrier when the
TG is OFF [34]. An efficient charge transfer requires losing as
few carriers as possible due to charge barriers and/or charge
pockets. Adjusting how much the TG overlaps the diode n-well
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Fig. 2. Signal timing for observing the demodulation contrast and the investigated PPD structures/shapes with the corresponding potential profiles
at 0.3 um depth (DR refers to drain diffusion and FD refers to floating diffusion). (a) Typical waveforms of the demodulation contrast simulations.
(b) Nominal (square) PPD structure. (c) Triangular structure [32]. (d) Constant-field structure [31]. (e) L-shaped constant-field structure.

helps ensure there are no large pockets or barriers [35] [overlap
OV in Fig. 1(a)]. By adjusting the TGVT layer doping, the
potential pocket versus potential barrier tradeoff can be fine-
tuned to allow for a very efficient charge transfer [35]. The
doping concentration of TGVT layer is set to 10'7/cm? in
all the following simulations, while the optimal value for
the TG/n-well overlap (OV) was found to be 0.1 um (as a
comparison, approximately 0.3 um offset/overlap was found
to be optimal for a different device structure [35]). The overlap
provides a smooth potential profile as seen in Fig. 1(c), with
no observable potential pockets or barriers. The TG length and
width are the same for all the investigated structures and are
0.6 and 1.8 um, respectively.

A conventional square-shaped PPD with two taps and two
reset gates RG (one pair on each side) is used as a refer-
ence/nominal structure [Fig. 1(a) and (b)]. The doping con-
centration of the photodiode n-well is set to start at 10'7/cm?3
close to the surface and gradually decrease to 10'%/cm? at a
depth of approximately 0.5 um below the surface [34]. The
p+ pinning layer of the PPD is highly doped (10'%/cm?), while
the p-substrate is lightly doped to obtain a deep depletion
region [10'5/cm3, similar to p-epitaxial layers and the same as
in [34]—P-EPl in Fig. 1(a)]. P-well doping concentration is set
to 10'7/cm3. In all simulations, the structures are exposed to
light at a wavelength of 500 nm with an intensity of 100 W/m?.
The performance of the investigated structures is assessed by
comparing the demodulation contrast they achieve, which is
covered in Section II-B.

B. Structure Performance

Demodulation contrast is a very important pixel parameter
in ToF applications, and a very suitable parameter to compare
the performance of the studied PPD shapes. It depends heavily
on charge transfer efficiency and speed, and it greatly affects

the final depth resolution of the ToF camera. The standard
deviation of the depth measurement error in ToF cameras [12]
can be approximately written as

_ d \/Nbackground + Nnoise + PEopt
2«/5 2+ Ciod + Cdemod - PEopt
where d is the maximum measurable depth (nonambiguity
distance range), P Eqp is the total number of electrons per
pixel generated by the modulated light source, Npackground
is the number of background light electrons, and Npise 1S
the number of electrons corresponding to noise (shot noise,
thermal noise, 1/f noise, and so on). The modulation contrast
Cmod defines the effectiveness of light intensity modulation (by
the light source), and Cgemod 1S the demodulation contrast of
the sensor. The depth measurement error is inversely propor-
tional to the demodulation contrast making it a very important
pixel parameter in ToF applications. The useful information in
ToF cameras is contained only in the light coming from the
modulated light source. This signal has to be separated from
the background, and, therefore, in the most general form, the
demodulation contrast represents the ratio between the useful
signal intensity (measured amplitude) and the background
intensity (measured offset) [12]. The exact formula for the
demodulation contrast, therefore, depends on the shape of the
modulation signal and the method used to recover the signal
amplitude from the measurement samples. When measured
with signal only (no background), the demodulation contrast
becomes the ratio of the amplitude and signal dc level (offset)
and provides an insight of how efficient the pixel is in quickly

and correctly sorting electrons.

For the square-wave signal case, the demodulation contrast
can be estimated based on an expression similar to the Michel-
son contrast formula [36]

(D

ad

N1 — N>

_— 2
N1+ N, o

Cdemod =
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Fig. 3. Proposed structure (DR refers to drain diffusion and FD refers to floating diffusion). (a) With the step doping profile. (b) With the quasi-linear
gradient of the doping profile. (c) Potential profile of the quasi-linear gradient structure. (d) Evolution of the current density within the PPD over
10 ns—almost all of the electrons are transferred into the first tap (bucket) during the first 5 ns, and during the last 5 ns, only a negligible current
density is observed.

where Ni and N, are the total number of electrons collected
by the first and second tap (floating diffusions), respectively,
when the received modulated signal and the demodulation
signal are perfectly aligned in phase. In the case of an ideal
pixel, all the electrons will be collected by the first tap and
N will be zero (100% demodulation contrast). If any of the
electrons are not transferred to the first tap and get collected
by the second tap, then N> will be larger than zero resulting
in Cgemod < 1. The corresponding simulation setup and
waveforms are shown in Fig. 2(a). Initially, all TG and reset
gate are turned ON, therefore resetting both floating diffusions
and depleting the PPD. All four signals are then turned OFF
in order to obtain the initial voltage level of the FDs. After
this initial stage, the modulation starts, and the light is turned
ON as a square pulse in perfect phase alignment with turning
ON the first TG (signal TG1). After this initial square pulse,
the light and TG1 are turned OFF while TG2 is turned ON.
TG?2 remains ON for the same pulsewidth, and then the cycle
repeats. In this way, the first FD collects the signal while the
second FD collects the residual. After a reasonable number
of modulation signal periods, the demodulation contrast is
calculated as in expression (2), using the appropriate voltage
differences instead of the raw electron count [see Fig. 2(a)]

Vi—W

—_—. 3
Vi+ VWV, ®)

Cdemod =

The contrast is simulated at two different frequencies of
interest 10 and 100 MHz, which represent the practical mod-
ulation range and also the range seen in state-of-the-art ToF
cameras. For instance, Microsoft’s ToF sensor in [15] is one
of the fastest reported demodulating sensors operating at up to
130 MHz, achieving a demodulation contrast of 58% at this
frequency.

The investigated PPD shapes with the corresponding poten-
tial profiles at 0.3 um depth are shown in Fig. 2(b)—(e).
Due to having practically no lateral field, the square struc-
ture in Fig. 2(b) (5 yum x 5 um) provides a demodulation
contrast of 61% at 10 MHz and almost 0% at 100 MHz.
The longitudinal electric field introduced by the triangular
structure [32] [Fig. 2(c)] improves the demodulation con-
trast to 85% at 10 MHz and 12% at 100 MHz. Additional
improvement is observed in a constant-field structure [31]
[Fig. 2(d)], which provides a demodulation contrast of 89%
at 10 MHz and 15% at 100 MHz. Even though a constant-
field structure [Fig. 2(d)] offers certain improvement over
the triangular structure [Fig. 2(c)], getting good contrast at
high frequencies clearly requires more than simply changing
the side-edge shape of the PPD. One obvious drawback of
these two structures is that the PPD is widest at the point
where the floating diffusions are located. Therefore, once the
signal charge is transferred to the wide part of the diode
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Fig. 4. 3-D graph of the potential profile for the final proposed structure
shown from two different angles. The effect of the lateral electric fields
can be observed, making a smooth fall in the potential profile toward the
mixing (electron sorting) region.

by the shape-induced electric field, it still needs to travel
from one side of the diode to the other [z-direction in
Fig. 2(c) and (d)], making the corresponding transfer and final
sorting of electrons slow. In order to improve the final sorting
of electrons, a modified structure is investigated [Fig. 2(e)],
in which the constant-field structure is shaped such that the
taps and TGs can be placed more closely together. This allows
the fringing electric fields from the TGs to be more effective
in final electron sorting. However, this particular structure
provides a demodulation contrast of only 74% at 10 MHz and
effectively 0% at 100 MHz. The drawback of this structure
is that, because the diode gets narrower in the z-direction
[Fig. 2(e)], there is a barrier for electrons to travel through
toward the TGs, which severely affects the final performance.
The general differences in electron transfer speed between the
structures are roughly illustrated in Fig. 2(b)—(e).

I1l. PROPOSED STRUCTURE

The study from Section II provided useful insight about
both the advantages and disadvantages of the investigated
structures. Even though the L-shaped constant-field structure
is better at final electron sorting than the previous devices, an
additional electric field is needed in order to properly transfer
the electrons toward the collection area [in the z-direction
in Fig. 2(e)]. This can be done by introducing a doping
gradient to the PPD in addition to tailoring the photodiode
shape. Two different approaches of adding a doping gradient
are investigated in this paper. In version one, the doping
gradient is added simply as an abrupt step function [Fig. 3(a)].
Having only two different doping concentrations allows for a
relatively simple device fabrication. A doping concentration
(at the surface) of 5 - 10'%/cm? is used in the n-well and it
steps up to 10'7/cm? close to the TGs. In addition to that, the
distance between the TGs is further reduced compared with the

TABLE |
RESULTS SUMMARY
Demodulation | Demodulation
Structure Contrast Contrast
@10MHz @100MHz
Nominal (square-shape) structure 61% 0%
Triangular structure 85% 12%
Constant-field structure 89% 15%
L-shaped constant-field structure 74% 0%
Proposed structure v1 (step doping) 94% 34%
Proposed structure v2 (linear doping) 96% 61%

previously investigated L-shaped structure. This enhances the
fringe electric fields in this region, therefore improving the
efficiency of the final electron sorting stage. Consequently,
the desired lateral field is present everywhere throughout
the structure as roughly illustrated in Fig. 3(c). The corre-
sponding structure provides a demodulation contrast of 94%
at 10 MHz and 34% at 100 MHz, which is significantly better
than any of the previously investigated structures.

The second method for adding the desired electric field is
to apply a quasi-linear doping gradient to the same structure
[Fig. 3(b)]. The quasi-linear doping gradient is added such
that it starts at 5 - 10'%/cm® on the bottom side of the diode
[see Fig. 3(b)] and then increases gradually until 10'7/cm3 at
the TGs. The potential profile for this structure is shown in
Fig. 3(c). The structure provides a demodulation contrast of
96% at 10 MHz and 61% at 100 MHz. The charge transfer
speed of the final structure using the linear doping gradient is
illustrated in Fig. 3(d), which represents the current density in
the PPD during one demodulation period of 10 ns (100 MHz).
During the first 5 ns, a significant current density is observed
and the electrons are effectively conveyed toward the first
tap (bucket). During the second (residual) phase, significantly
lower current density is observed, which corresponds to and
illustrates the reduced portion of electrons contributing to an
error signal. Fig. 4 shows a 3-D version of the potential profile
for the final structure with the linear doping gradient. It can
be seen that the electric fields are designed such that they
convey electrons toward the collection area (TGs) from any
point within the PPD.

IV. CONCLUSION

The summary of the final results is given in Table I. For
large PPD sizes, the lateral field induced by the TGs is not
enough to effectively move electrons from the middle of
the diode, resulting in poor performance of square structures
especially at high frequency. Triangular and constant-field
structures provide significant improvement compared with
conventional square-shaped PPDs, however they still struggle
in the final electron sorting stage. In order to achieve high
charge transfer speed, an effective lateral electric field is
needed in every section of the PPD such that electrons can both
be conveyed toward the collection area (close to the TGs), and
then also be sorted effectively by the TGs. This is achieved by
the structure proposed in this paper [Figs. 3(b) and (c) and 4],
by combined tailoring of the PPD shape and doping gra-
dient. Using this simple technique, a demodulation contrast
of 61% is achieved at a frequency of 100 MHz, which is
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comparable to the contrast achieved in

state-of-the-art

photogate-based designs, such as Microsoft’s ToF sensor
in [15] (58% demodulation contrast at 130 MHz). The pro-
posed technique can also be extended to a symmetric version
of the same shape (for use in fully differential pixels) or
to pixels that implement four taps for better performance
in motion intensive environments. The possibility of having
robust multitap demodulation pixels with performance compa-
rable to photogates, but with the superior noise characteristics
of PPDs, is worth pursuing if the challenges of fabricating the
device can be met and overcome.
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