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Abstract—Complementary metal-oxide-semiconductor-
compatible metal-semiconductor-metal polysilicon photodiodes
fabricated in a commercial 0.35-;:m technology offer estimated
responsivities of up to 0.35 A/W at 654 nm. An effective absorp-
tion coefficient of 0.63 dB/;:m was extracted from responsivities
for 5- to 10-um-long waveguide-coupled detectors. Increasing
responsivity at smaller contact spacing indicated a two-part pho-
tocurrent response, with secondary photocurrent dominating at
small contact spacings and high electric fields.

Index Terms—Complementary metal-oxide—semiconductor
(CMOS)-compatible optoelectronic integrated circuits, leaky-
mode metal-semiconductor-metal (MSM) photodiodes, optical
interconnects, photoconductivity, waveguides.

1. INTRODUCTION

HE effects of increased signal latency and increased

global interconnect length on each microprocessor gen-
eration, resulting in worsening clock skew, timing delay, and
jitter, as well as factors such as power consumption and area,
are driving the investigation of optical interconnect tech-
nologies for on-chip use [1]. This letter reports the geometry
dependence of polysilicon photodiodes for complementary
metal-oxide—semiconductor (CMOS)-compatible on-chip op-
tical interconnects.

While many promising proposals for on-chip optical inter-
connect technologies have been reported in the literature, such
as those using embedded detectors [2] or polymer waveguides
[3], they suffer from the drawback of incorporating processing
or materials which are not part of industry-standard CMOS
processes. Trench photodetectors [4] do use industry-standard
CMOS techniques, but are aimed at surface normal incidence.
In addition, they occupy valuable silicon surface area, and
require the space above the trench to be kept free from metal
lines and other circuitry so that vertically incident light can
reach the detector.

The devices described in this letter, in contrast to [1]-[3], use
only materials and processing which exist in standard commer-
cial CMOS technologies [5]. As opposed to [4], these detectors
can be placed at any point in the backend of the process and do
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Fig. 1. Detector (a) side- and (b) end-view cross-sections.

not occupy substrate area, although a low-temperature polysil-
icon or amorphous silicon deposition is required for detectors
positioned after first level metal.

While defects at grain boundaries of the polysilicon may
raise concerns about recombination lifetimes, the reduced
crystallinity also offers absorption that is approximately twice
that of single-crystal silicon, or higher [6], [7]. While others
have reported implant damaged crystalline silicon waveguide
photodiodes [8] as well as polysilicon normal incidence photo-
diodes [9], these are believed to be the first waveguide coupled
polysilicon photodetectors. The data presented below indicate
that relatively short detectors have sufficient absorption and
that smaller gap devices can provide larger responsivities via
secondary photocurrents.

II. FABRICATION

The wafers were fabricated at a commercial CMOS facility
(Avago Technologies, Fort Collins, CO) in a 0.35-pym tech-
nology on 6-in wafers. After a 500-nm n = 1.45 field oxidation,
a standard production process flow followed: 255-nm n = 3.85
polysilicon deposition (to serve as the detector layer); 120-nm
n = 1.80 low-pressure chemical vapor deposition (LPCVD)
nitride spacer layer; a second 20-nm n = 1.80 LPCVD ni-
tride layer; 200-nm n = 1.45 phosphosilicate glass (PSG)
deposition; PSG densification and 440-nm n = 1.45 tetraethyl
ortho-silicate (TEOS) deposition. All thicknesses and refractive
indexes listed here and shown in Fig. 1 are nominal values.
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Following the deposition and chem-mechanical polishing
(CMP) of the initial intermetal TEOS dielectric, a 350-nm
n = 1.8 plasma-enhanced chemical vapor deposition (PECVD)
silicon nitride film was deposited, patterned, and etched, to
serve as the core of the waveguide structure. This PECVD
silicon nitride was a minor modification of a standard nitride
deposition, and is slightly less dense than the earlier LPCVD
nitride layers. The use of polysilicon as the detector layer
provides a material with a refractive index higher than silicon
nitride, permitting the desired leaky-mode coupling from the
nitride waveguide core to the detector, while maintaining me-
chanical and thermal compatibility with the other films in the
structure.

Following the waveguide creation step, an n = 1.45 TEOS
layer was deposited and thinned, by CMP, to a nominal thick-
ness of 280 nm over the waveguide nitride, before definition of
the contacts and first level metal. The contacts are plugged with
tungsten. The metal stack consisted of a 10-nm Ti layer, then a
390-nm Al/0.5% Cu layer, with a 35-nm TiN layer on top. After
dicing, selected die were edge polished to an optical-quality
finish, to allow end-fire coupling to the waveguide.

The design variables for the detectors themselves were the
contact spacing, the detector length, and the waveguide width.
Contact spacing S varied in somewhat logarithmic steps from
1.14 to 30.6 um. Detector length L was limited to two values: 5
and 10 pm. This 2 : 1 ratio allowed for analytic extraction of the
absorption coefficient of the polysilicon detector as described
below. While detectors with a variety of waveguide widths
were fabricated, only ones with single-mode 0.5-pm-wide
waveguides are discussed here in order to maintain uniform
coupling efficiency.

III. EXPERIMENTAL PROCEDURE

Following polishing, dc characteristics of photodetectors
with varying contact spacing and length values on the same die
were measured. The sample was electrically probed while light
from a A = 654 nm laser diode was coupled to the waveguide
via a 4-pm core diameter, 0.11 numerical aperture (NA) visible
single-mode fiber with a cleaved end close to the polished
chip facet. The fiber was actively aligned to the waveguide
by initially biasing the photodetector under test at +5 V and
maximizing the photocurrent. The bias voltage was swept
from —20 to 420 V while measuring the photocurrent using a
267-ms integration time. Dark current for each photodetector
was measured over the same bias range.

Input optical power was estimated by coupling light into a
0.5-pm waveguide that crossed the die without being coupled to
an on-chip detector. Scattered intensity was measured by scan-
ning a 62.5-um core diameter fiber 25 pm above the surface
of the waveguide and fit to determine waveguide loss. Based on
the loss as well as the output power of the waveguide, the typical
power in the waveguide immediately prior to the photodetector
was estimated to be P, = 5.3 uW.

IV. EXPERIMENTAL RESULTS

The multiple of two in detector lengths (5 ym, 10 m), com-
bined with the standard exponential absorption model, results
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Fig. 2. Experimental data for 10-p#m devices (diamonds) and fit to theory (solid
line) for values in text. The 5-g¢em devices (triangles, dashed line) are also shown.
Vhbias 18 10 V. The inset shows I-V" characteristics for selected 10-pm-long
detectors.

in a quadratic equation that can be solved to find the effective
absorption rate
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Using f = 0.355 from [5] (f is the fraction of the incident
power that is directly coupled from the waveguide into guided
modes of the polysilicon), . = 5 pum (the short detector length),
and p = 0.81 as the average ratio of photocurrent of 5- and
10-pm-long detectors for the 2.6- and 5.6-p4m contact spacings,
the calculated effective absorption coefficient is 0.63 dB/um, in
good agreement with [5].

The dependence of photocurrent on contact spacing and ap-
plied voltage indicated that photoconductive gain was signifi-
cant at F/-fields above 10 kV/cm. As expected, reducing the con-
tact spacing increased the responsivity for both 5- and 10-pm
-long detectors as shown for a fixed bias of 410 V in Fig. 2.
Other bias voltages had similar trends. No saturation of gain as a
function of contact spacing was observed at the smallest contact
spacing, indicating that yet smaller contact spacings will result
in higher effective responsivity. The observed behavior is con-
sistent with the known behavior of primary and secondary pho-
tocurrent resulting from a photoconductive gain process which
is proportional to the ratio of carrier recombination lifetimes to
transit time between the electrodes of the device [10].

The primary photocurrent is given by

A
I =T |:q_

ey

}LC:| Popt (2)

where 7c is the primary carrier collection efficiency and Py is
the incident optical power. The primary photocurrent is largely
independent of the applied field, as long as the field strength
is sufficient to separate the photogenerated holes and electrons
before they can recombine with each other. The photocurrent
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Fig. 3. Photocurrent to dark current ration for a 0.5-um waveguide, 10-ym
detector, 2.6-um contact spacing device. Inset shows -V characteristics for
the same device. Noise spikes are due to instrument quantization noise when
measuring dark current.

response shown in Fig. 2 for devices with 6-pm contact spacing
or greater is mostly due to primary photocurrent.

The total photocurrent is given by the sum of primary and
secondary photocurrent [10], [11]

T (fn + pip) V>

Iph = Il <1 + 52 (3)

where p,, and p,, are the carrier mobilities, 7 is the lifetime, and
S is the contact spacing. This matches the observed behavior in
Fig. 2. For the 10-pum-long devices and Py, = 5.3 uW, an I; of
0.139 pA (Ry = 0.026 A/W) and a 7( i, + p1p) of 1.79 pm?/V
at V. = 10 V fits the data well. With the same 7(, + /1),
the 5-pum I is 0.106 pA (Rq = 0.0200 A/W). The photocon-
ductive gain process may slow the detectors; however, transient
simulations of polysilicon detectors with Schottky contacts pre-
dict a —3-dB bandwidth of 7.9 GHz [12]. Experiments to mea-
sure pulsed response are planned for future work and will be re-
ported when available. As shown in Fig. 2, and as expected from
the detector length and contact spacing results, the 0.5-um-wide
waveguide, 10-pm-long detector, and 2.6-pm contact spacing
device had the highest responsivity, at 0.16 A/W at 10 V. Our
earlier work [5], which examined only 10-pgm-long 1.14-pm
contact spacing detectors in a clock-distribution H-tree, reported
a responsivity of 0.35 A/W at 10 V.

Fig. 3 shows that the I, to dark current ratio, which is im-
portant for noise and signal detection threshold considerations,
is above 500 and generally above 1000.

V. CONCLUSION

Responsivities of up to 0.35 A/W on unoptimized CMOS-
compatible detectors have been measured. Responsivity can be
increased by shrinking the contact spacing to increase the elec-
tric field, thus enhancing secondary photocurrent gain. An effec-
tive absorption coefficient of 0.63 dB/um was extracted from
the photocurrent ratio of two different lengths of detectors, in-
dicating relatively short 10-pum-long detectors absorb most of
the incident light. The I}, /I4ak ratio of >500 at modest inci-
dent powers offers excellent signal contrast.
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