Enhancing near-infrared avalanche photodiode
performance by femtosecond laser microstructuring

Richard A. Myers, Richard Farrell, Arieh M. Karger, James E. Carey, and Eric Mazur

A processing technique using femtosecond laser pulses to microstructure the surface of a silicon ava-
lanche photodiode (APD) has been used to enhance its near-infrared (near-IR) response. Experiments
were performed on a series of APDs and APD arrays using various structuring parameters and post-
structuring annealing sequences. Following thermal annealing, we were able to fabricate APD arrays
with quantum efficiencies as high as 58% at 1064 nm without degradation of their noise or gain
performance. Experimental results provided evidence to suggest that the improvement in charge collec-
tion is a result of increased absorption in the near-IR. © 2006 Optical Society of America
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1. Introduction

There is a wide range of interest in improving the
responsivity of silicon detectors in the near-infrared
(near-IR) region of the electromagnetic spectrum.
This interest is driven by the prevailing use of silicon
throughout the semiconductor industries. However,
while the use of silicon detectors is popular for opto-
electronic applications, their use in the telecommu-
nications industry is limited because the bandgap of
ordinary bulk silicon is 1.12 eV.! This reduces the
absorption and thus the photoresponse of silicon-
based photodiodes at wavelengths beyond 1100 nm.
While the maturity of high-power lasers near this
bandgap makes them attractive for the development
of rugged, long-range applications including free-
space optical communications and laser radar, the
responsivity of the silicon detectors to these wave-
lengths often fails to meet users’ needs. Detectors
with a higher responsivity in this range would help
meet eye-safety requirements, allow a more compact
package by reducing the laser power demands, and
provide the sensitivity needed for many ranging or
communication applications.z5
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To achieve an enhanced near-IR response, fabrica-
tion of thick silicon photodiodes, including avalanche
photodiodes (APDs) with internal gain, can compen-
sate for the longer penetration depth of the radiation.6
However, as the volume of bulk material increases, the
detector noise also increases limiting the advantage of
a thicker detector. Reflective surfaces on the backside
of the detector have also been fabricated with varying
degrees of success but with increased processing chal-
lenges.” Optical antireflection coatings can also im-
prove the overall response, but the best commercial
detectors using one or more of these techniques still
does not achieve quantum efficiencies above 40% at
the popular laser wavelength of 1064 nm. While
other semiconductor materials, including indium gal-
lium arsenide and germanium are used for near-IR
detection, their higher noise characteristics, poor in-
tegration with existing silicon-based electronics, and
higher material cost have sustained the desire for
improved responsivity in silicon.89

Over the past several years, researchers have ad-
vanced the development of a surface structuring tech-
nique to enhance the absorption of radiation both
below and above the bandgap of silicon.1°-13 Through
the use of femtosecond or nanosecond lasers to form
microstructures along the exposed silicon surface,
absorption of silicon can be as high as 90% at wave-
lengths ranging from 250 to 2500 nm.'4 Further
demonstrations of the absorption properties of bulk
silicon and the effect of the laser microstructuring
parameters have been reported in the literature.15-18
Developmental work includes using the laser micro-
structuring to form a photodiode junction in an n-type
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silicon wafer providing sensitivity to wavelengths up
to 1600 nm.1®

In this paper, we report the laser microstructuring
of a silicon-based APD and APD arrays. Using a se-
ries of poststructuring fabrication steps including an-
nealing, we have demonstrated responsivities two to
three times greater than the unstructured APDs at
near-IR wavelengths without degradation of other
performance characteristics.

2. Experimental Methods

We fabricate our APDs from n-type neutron-
transmutation-doped silicon wafers (30 {2 cm, 100-
crystal orientation). Grooves are cut in the wafer with
a diamond saw to define and isolate the individual
pixel elements. This is followed by very deep boron
diffusion in a high-temperature diffusion furnace.
Polishing and chemical etching steps are then used to
achieve the desired thickness of the drift and the
n-type layers. The final structure is ~250 pm thick
with a p—n junction 50 to 60 wm below the device
surface.2021 To achieve high APD gain, a reverse bias
is applied, expanding the width of the depletion region
toward the silicon anode surface. As the depletion re-
gion width reaches toward the detector anode surface
boundary, charges from defect states near the surface
have a greater probability of being collected. Radiation
Monitoring Devices, Inc.’s APDs have been carefully
fabricated to achieve the highest gain without signifi-
cantly increasing the leakage current until breakdown
is reached.22

The laser microstructuring was done in vacuum
using a Ti:sapphire laser at a wavelength of 800 nm,
a pulse width of 100 fs, and a repetition rate of 1 kHz.
The irradiating beam was directed normal to the an-
ode side of the APD wafer, which was translated to
allow for the structuring of a surface area larger than
the focal spot size of 150 pm. The translation speed
was adjusted so that the surface was exposed to an
average of 10—400 laser pulses per unit area. To
further evaluate the microstructuring process pa-
rameters, we also varied the laser fluence from 3 to
8 kJ/m? (average energy of 53—140 pJ). Formation of
microstructures took place in atmospheres of SFg,
H,S, N,, and air at a constant background pressure of
500 Torr.

The microstructuring process removes silicon from
the surface of the wafer, creating numerous defect
sites and modifying the thickness of the APD surface
layers. Because this process had to take place after
the APD structures were produced, we attempted to
minimize the volume of silicon removed to maintain
the high-gain performance of the APD and limit any
increase in the leakage current from the surface
change collection. Both APD arrays and single ele-
ment APDs with an active area of 2 mm X 2 mm were
used throughout these studies.

Following texturing, the APD wafers were either
packaged according to our standard processing tech-
niques, or they underwent thermal annealing in a lab-
oratory oven in a N, atmosphere. Annealing ranged
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Fig. 1. (Color online) Picture of two microstructured APD arrays
prior to packaging. Structuring was performed with an 800 nm fs
laser operating at a fluence of 3.5 kJ/m? in an atmosphere of SFy.
The array on the right had four different structured regions with
a pulse number ranging from 0 to 300. The shiny area is the bare
silicon.

from 400 to 1223 K for up to 24 h. Our standard
packaging consists of coating the APD with a passi-
vation layer, attaching electrical contacts to both the
anode and cathode, mounting on a supporting sub-
strate, and applying a polymer underfill. Two 16-
element detector arrays that were microstructured
are shown in Fig. 1. The effect of the microstructuring
was evaluated across the array grooves and on indi-
vidual pixels. One of the samples shown was divided
into four different processing regions, each struc-
tured with a different number of laser pulses per unit
area (0, 10, 100, and 300). The darkest region repre-
sents a greater number of laser pulses, while the
shiny areas are unstructured APD pixels that were
used for comparison.

We investigated the effects of the processing con-
ditions and thermal annealing on the performance of
the APD detectors. Using radiation from a range of
wavelengths emitted from a white-light source dis-
persed through a monochromator, we measured the
photocurrent generated by each microstructured and
unstructured APD. A 200 V bias was applied to each
detector to ensure proper charge collection without
internal gain. A National Institute of Standards and
Technology (NIST) traceable photodiode was used to
calibrate the absolute response of the detector. In
addition, a reference photodiode was used to monitor
the output of the white-light source over time.

The gain profile of both structured and nonstruc-
tured APDs was measured by employing a low-power,
pulsed, or cw diode laser source. When recording the
cw signal, a picoammeter (Keithley model 619) was
used to monitor the APD output with no additional
amplification electronics. The pulsed setup used a
1 ps laser pulse, a charge-sensitive amplifier (Cremat
model CR-110), and a spectroscopy amplifier (Canberra
model 2020) was used to amplify the APD output. The
minimum detectable energy was measured with the
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Fig. 2. (Color online) Quantum efficiency versus wavelength for a
single-element APD that was partially microstructured. The struc-
tured region shows an enhanced signal in the near-IR but reduced
responsivity below 950 nm. Data were recorded with a 200 V bias
applied to the APD.

bias set to unity gain. The bias was then increased,
and the photoinduced signal and the dark current
were recorded at each setting. Neutral density filters
were used to reduce the laser power as necessary. Re-
sponse to radiation from 635 and 1060 nm laser diodes
was evaluated.

A passively @-switched microchip laser (Uniphase
model NG-10120-101) with output radiation at 1064
and 532 nm was used to estimate the bandwidth of the
detector with and without microstructuring. The pulse
width of the laser was monitored with a 1 GHz photo-
diode and compared to the APD output at various bias
settings.

To help evaluate whether the bandgap of silicon
was altered following the microstructuring, the pho-
tocurrent generated from the detector was measured

Table 1.

as a function of temperature. The devices were placed
inside an aluminum enclosure that had optical and
electrical feedthroughs. The enclosure was then placed
in a heavily insulated liquid-nitrogen bath for cooling
below 100 K, while a constant source of illumination
at 1060 or 635 nm was incident upon the detectors. As
the detector slowly warmed (<1 K/min) to room tem-
perature, the unity-gain response at a reverse bias of
200 V was recorded. The responses from microstruc-
tured and unstructured APDs were compared.

3. Experimental Results

Figure 2 shows the quantum efficiency of a single ele-
ment APD with structured and unstructured regions
as a function of the wavelength. The data were col-
lected with a 200 V bias across the APD junction to
assist with the charge collection and ensure unity-
gain response. Following the microstructuring, the
response at wavelengths below 950 nm is dramati-
cally reduced, while that at near-IR wavelengths is
enhanced. The response at energies below the bandgap
was enhanced by as much as a factor of 10, but the
overall quantum efficiency was always relatively small
(Iess than 0.01% at 1300 nm). These results were
fairly consistent for most processing conditions.
Table 1 provides the values for the measured quan-
tum efficiency (QE) at 1064 nm for several micro-
structured APD arrays or APD pixels as a function of
various processing parameters. The equivalent un-
structured devices exhibited a range of efficiencies that
varied depending on the APD fabrication properties.
The initial efficiencies following microstructuring were
typically no more than 30% higher than the unstruc-
tured samples. However, the addition of a thermal
annealing step increased the QE by more than a fac-
tor of 2. Consistent QE values at 1064 nm reached
40% or higher with low-temperature annealing and
as high as 58% with high-temperature annealing.
Thermal annealing did not affect the QE of the un-
structured APDs that were used as a reference.

Effect of Processing Conditions on the QE at 1064 nm

QE before Annealing Annealing QE after Annealing Signal Ratio
APD Laser Laser Fluence (Percentage at Temperature (Percentage at after/before
Sample Pulses (kJ/m?) Gas 1064 nm) (K)/Time (h) 1064 nm) Annealing
1 0 0 SFg 25 1173/4 25 1

2 200 5 SFg 15 673/2 34 2.3
3 200 5 SFg 18 673/5 36 2.0
4 10 3.5 SFg 28 673/2 41 1.5
5 100 3.5 SFg 19 673/2 38 2.0
6 200 3.5 SFg 21 673/2 38 1.8
7 400 3.5 SFg 25 673/2 41 1.6
8 400 3.5 H,S 27 673/3 42 1.6
9 200 3.5 Air 29 673/2 34 1.2
10 200 3.5 N, 37 673/2 40 1.2
11 100 3.5 SF¢ NA* 1123/1° 48 NA®
12 100 3.5 SF¢ NA® 1173/1° 58 NA*
13 100 3.5 SFg NA“* 1223/1° 54 NA“*

“NA stands for not available.
®A p* dopant was applied to the surface before annealing.
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Fig. 3. (Color online) QE versus wavelength for an unstructured
APD and two APDs annealed at high temperatures. The thermal
annealing further enhances the near-IR response, while anneal-
ing at ~1173 K results in the improved response in the visible
spectrum.

We found that the most reliable microstructure
processing used an average of 100 laser pulses at
62 pd (3.5 kJ/m?) in an atmosphere of SFs. While the
processing atmosphere did not appear to affect the
QE prior to annealing, the relative increase following
annealing was greater for devices that were struc-
tured in atmospheres of SF; or H,S.23 Increased laser
fluence or a greater number of laser pulses per unit
area were more damaging to the samples and did not
lead to improved QEs, while fewer laser pulses and a
lower fluence resulted in poor uniformity across the
detector surface. Finally, microstructuring across the
grooves between APD pixels did not produce a detri-
mental effect or limit the yield of functioning detec-
tors. This promoted a means to structure an entire
silicon wafer without limiting the existing planar pro-
cessing capabilities.

The thermal annealing was considered essential to
obtaining the enhanced near-IR response. The high
temperatures (more than 1123 K) also allowed us to
drive in an additional surface doping to assist charge
collection. In addition to the enhancement in the
near-IR, high-temperature thermal annealing im-
proved the response in the visible spectrum. Figure 3
compares the response as a function of wavelength
for a structured APD detector that was annealed at
1223 K with one that was annealed at 1173 K. Al-
though we had limited sample numbers, the yield of
devices that maintained their low noise performance
appeared to decrease following the annealing at tem-
peratures above 1173 K.

The amount of light transmitted and reflected from
the silicon at normal incidence was characterized
with an unpackaged, partially structured APD wafer
that was annealed at 1173 K. Using a 1060 nm light
source, we found that the unstructured silicon region
had a transmission and a reflection of 42% and 33%,
respectively. These values are consistent with our
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Fig. 4. (Color online) APD gain as a function of the applied bias
for structured APD pixels. The gain dependence on the bias was
nearly identical to the unstructured APDs for both 632 and
1060 nm.

APD thickness of 250 pm. The structured region, on
the other hand, had a transmission ranging from 4%
to 7% and a reflection of less than 3%, indicating that
up to 50% of the electrons created during absorption
are not collected at the electrode.

APD gain and noise were measured prior to and
following the microstructuring. Figure 4 shows the
typical gain response curves as a function of bias for
a microstructured APD at two different wavelengths.
The maximum gain at 1060 nm approached 400,
while the gain at 635 nm was larger than 1000. In-
terestingly, the gain and dark current dependence on
the bias were nearly identical to the detectors that
were not microstructured.

Figure 5 shows the response of a microstructured
and unstructured APD to subnanosecond laser pulses
at 532 and 1064 nm. The output from the APD was
terminated with 50 ) at an oscilloscope to collect the
data. No additional amplification electronics were
used during this measurement. There was very little
difference in the speed of response of the two detec-
tors with a slightly faster fall time measured from the
microstructured detector. While the response of each
detector was faster at the higher bias, the difference
did not change.

The unity-gain response of a structured and un-
structured APD was also compared as a function of
temperature. Figure 6 shows the output signals
normalized (to laboratory ambient) as a function of
temperature. The decrease in QE as a function of
temperature is expected, because the bandgap en-
ergy increases with decreasing temperature.! The
bandgap of silicon ranges from 1.12 eV (1120 nm) at
300 K to 1.16 eV (1070 nm) at 50 K. Again, there
was a negligible difference between the microstruc-
tured and unstructured APD response as a function
of temperature. A similar performance also holds at
635 nm, where the QE for wavelengths far from the
bandgap remains nearly constant with decreasing
temperature.
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(Color online) Response of a microstructured and unstructured APD to a subnanosecond pulse of radiation at (a) 532 nm and

(b) 1064 nm. The response of the structured APD was nearly identical to the unstructured detector at all the tested bias settings.

No amplification electronics were used in this measurement.

4. Discussion

The most significant result of this work was the abil-
ity to fabricate a silicon-based APD with a QE of 568%
at 1064 nm. With usable gains of 400 to 500, this
translates to a responsivity greater than 200 A/W.
Equally important is the ability to integrate the mi-
crostructuring into a planar processing sequence
without requiring additional labor-intensive steps.
Microstructuring in atmospheres of SF; or H,S
followed by thermal annealing produced an im-
provement in the QE for every APD detector tested.
Previous observations showed that irradiation of
silicon with femtosecond laser pulses in a sulfur at-
mosphere resulted in a high concentration of sulfur
(~1%) in the disordered surface layer.13.23 It is theo-
rized that those sulfur atoms play a critical role in
producing new energy states for absorption below
bandgap absorption.2¢ However, based on the mea-
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Fig. 6. (Color online) APD signal strength due to 1060 nm il-
lumination as a function of temperature. The unity-gain signal
(200 V bias) was recorded as the detector warmed from ~100 K.
Both the microstructured and unstructured detectors had a similar
dependence.

surements at 1300 nm in this study, it is apparent
that the enhanced IR absorption does not result in an
improved detector responsivity, suggesting that re-
combination through charge trapping hinders collec-
tion. In addition, the significant decrease in the QE
for wavelengths below 950 nm also suggests that
charges generated near the detector surface become
trapped. Charges generated from photons at longer
wavelengths, and thus absorbed deeper in the silicon,
have a higher probability of being collected.

APDs structured in each background gas tested pro-
duced some enhancement in their QE prior to anneal-
ing, but only those processed in a sulfur-containing
atmosphere exhibited a significant increase following
the annealing. This suggests that the microstructuring
alone produced a slight advantage for the longer-
wavelength light, because surface scattering or photon
trapping increases the effective path length through
the structured APD compared with an unstructured
detector. However, a second mechanism is needed to
alter the dynamics of the trapping sites following ther-
mal annealing. This secondary mechanism appears to
be related to the sulfur content and annealing temper-
ature. As the sample is thermally annealed, the charge
collection increases, although previous studies have
shown that the total absorption decreases.* Simple
reorganization of defect sites reducing the trapping of
electrons in the APD drift region is the most likely
mechanism. Another possibility is an n-type silicon
layer, which, research has shown, forms in the pres-
ence of a sulfur atmosphere during microstructuring.®
This induced doping will create a near-surface p-—n
junction on our APDs, decreasing the ability for the
charges to reach the collection electrode. We suspect
that the high-temperature annealing may modify this
layer and help compensate for this interference. How-
ever, further studies are required to validate this
theory.

The detection of radiation with a long penetration
depth is limited by lower achievable APD gains, be-
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cause some of the radiation is absorbed in the deple-
tion region of the detector, limiting its path length
through the amplification region. Shorter wave-
lengths, on the other hand, are absorbed closer to the
surface of the detector and achieve higher gain. This
gain reduction was also observed in the structured
detectors (Fig. 4). If the enhancement was strictly due
to greater absorption near the surface region of the
detector, we would have expected to measure a mod-
ification to the gain profile, including a larger maxi-
mum gain at 1060 nm. Because the gain dependence
for the structured and unstructured APDs was nearly
identical, we assumed that the photons detected are
absorbed at nearly identical depths. This suggests
that we are not taking advantage of the increased
photon density absorbed near the APD surface.

The dramatic decrease in signal at wavelengths be-
low 950 nm indicates that near-surface absorption of
photons creates charges that are retrapped and not
collected at the detector cathode. In addition, if the
microstructured APD’s enhancement was due to an
increased amount of absorption near the surface
region, we would have expected similar response
speeds owing to the 1064 and 532 nm radiation fol-
lowing the microstructuring. However, the unchanged
response and gain suggests that, unlike those created
near the surface, the charge carriers are not slowed by
the need to cross through the drift region prior to am-
plification. This lack of charge collection from the sur-
face indicates that the microstructured layer functions
as an antireflection coating increasing the total num-
ber of photons available for absorption but retrapping
those charges created in the near-surface layer.

The experimental evidence also suggests that we
are not taking advantage of new energy states cre-
ated below the bandgap of pure silicon. This is ob-
served through the detection of radiation near the
silicon bandgap energy and the resulting decrease in
the QE as a function of temperature (Fig. 6). This
decrease was consistent for both microstructured and
unstructured APD detectors despite the fact that half
of the signal from the microstructured detector re-
sulted from the microstructuring process. If the
near-IR enhancement was caused by absorption into
new energy states, we would have expected a greater
difference in the temperature dependence, because
the energy states would be lower than 1.1 eV. The
lack of significant improvement in the detection of
1.3 pm radiation is consistent with the idea that
charges created due to photoabsorption at new lower-
energy states are not being collected.

Although further studies are required to fully ex-
plain some of the experimental results, it is apparent
that the increased absorption results in an increase
in the number of charge carriers. The large number of
defect sites created by the microstructuring limits the
flow of charges from the near-surface region. Ther-
mal annealing reduces or alters some of the sulfur-
induced charge-trapping sites or limits the effect of
a competing n-type layer formed following the struc-
turing.
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5. Conclusion

Microstructuring of the surface layer of an APD with
a femtosecond laser in an atmosphere of SF; has been
shown to increase its responsivity in the near-IR to
over 200 A/W at 1064 nm without increasing the
leakage current or slowing its speed of response. An
additional annealing step is required following the
microstructuring to achieve these high responsivities.
We have demonstrated this processing on the wafer
scale without adding significant labor-intensive steps.
Reduction in the QE at wavelengths below 900 nm
may be alleviated with additional high-temperature
annealing.

Comparisons of the responsivity from APD detectors
that were microstructured and annealed under vary-
ing conditions have suggested a mechanism leading to
the enhanced response in the near-IR. By monitoring
the response of APD detectors microstructured in dif-
ferent background gases, we found that those pro-
cessed in the presence of sulfur achieved the highest
possible QE following annealing. Studies of the tem-
perature and long-wavelength dependence of the re-
sponsivity suggest that the enhanced APD signal is a
result of improved absorption in the silicon but is not
related to additional energy bands created during the
microstructuring. In addition, while the total absorp-
tion is increased, temporal bandwidth experiments
and the observed decrease in detector response to
short-wavelength radiation indicate that most of the
charges collected result from absorption events occur-
ring deeper than the near-surface, microstructured re-
gion. Further studies are required to answer some of
the remaining questions about the mechanism and to
determine its long-term stability.

The authors acknowledge the support of the Na-
tional Aeronautic and Space Administration (contracts
NAS302187 and NNGO4CA27C) for the research re-
ported in this paper.
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