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Abstract - Many applications, particularly in the medical
and bio-medical fields, require highly sensitive detectors in
the short wavelength range (blue and below); so far there
have been few commercially available avalanche
photodetectors with adequate performance to satisfy
demands of such applications. We have developed a new
silicon reach-through avalanche photodiode (RAPD)
operating in the blue wavelength range with improved
sensitivity and noise performance superior to any similar
detectors available on the market today. This has been
accomplished thanks to an innovative, ultra-thin and highly
doped surface top layer grown using a new epitaxial
technique developed at Delft University of Technology in
The Netherlands. An important additional advantage of this
new RAPD is its unmatched noise performance over the
widest commercially available wavelength range from 250
nm to 1100 nm. Short wavelength response is limited only
by the transmission of the package window optimized for
wavelengths starting at 250 nm and up, but devices can
operate at wavelength even below 100 nm if assembled in a
vacuum.

L INTRODUCTION

Silicon  reach-through avalanche photodiodes
(RAPD) are types of avalanche photodiodes (APD) made
on high quality, float zone, 5000 ohm-cm silicon material
as opposed to regular APDs made on epitaxial silicon
wafers and as such have inferior performance to the
RAPD. Silicon RAPD is highly sensitive photo detector
used in low background applications requiring low noise
and high bandwidth sensors. Operating in the avalanche
mode, the RAPD devices generate a cascade of moving
carrier pairs for each absorbed photon, creating
measurable signal current even when extremely weak
photon fluxes are present [1]. The avalanche
multiplication process is based on carrier multiplication
in a strong electric field region. Carriers acquire
sufficient energy between collisions to eject valence
electrons from the lattice, and in that way create multiple
electron-hole pairs. The efficiency of new carriers’
generation is governed by ionization coefficients of both
carriers and is a strong function of the electric field and
temperature. Theoretical considerations of the process are
complicated, but extensive studies done over the years [2]
have provided comprehensive insight into how the
devices operate and allow for selection of the optimum
configuration needed for each different application. In
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this paper we will describe how an already wide
sensitivity range of silicon RAPD devices is being
extended deep into the shorter wavelengths i.e. blue to
deep ultra violet (DUV). This was accomplished by
applying a novel thin film growth technique. The thin and
highly doped layer produced with this deposition
technique minimizes short wavelengths’ surface
absorption loses thus significantly improving device
sensitivity range for wavelengths less than 400 nm. This
improvement has been sought for a long time, but latest
advances in the bio-medical field have made the need for
such high performance sensors even more urgent.

II.  GENERAL DESCRIPTION

A. Silicon RAPD Structure

The silicon RAPD structure described in this paper is
ap -m—p-n type [3]. In addition to highly doped
contact layers on both sides of the structure, it consists of
a narrow high-field region where the multiplication takes
place and a much wider low-field region in which the
incoming photons are absorbed. The design, impurity
concentration, and electric field profiles are shown in Fig.
1.
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Figure 2. Typical multiplication gain characteristics
4E+5 - measured on silicon RAPD
£
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2 S The operating voltages of the typical devices are in
2 the 200 V to 400 V range, because carrier multiplication
= 2E+5 and photon absorption regions are geometrically separated
H as shown in Fig. 1. An impractical voltage well in excess
g i of 1000 V would have to be used if two regions were
2 IE+S - . . : : ;
combined into a single region. The separation of the
multiplication and absorption regions results in a complex
0E+0 r - - - : electric filed profile with the device noise performance
0 3 10 15 0 5 depending significantly on the structure and impurity
profiles.
Depth (um)

Figure 1. Silicon RAPD structure, impurity concentration
and electric field profiles

B. Multiplication Gain

Impurity profiles, p-type first and n-type later, are
adjusted so that when the depletion edge, driven by an
external bias, reaches the high resistivity © region, the
peak electric field at the internal p-n junction is set to be
just slightly below that required to initiate the avalanche
breakdown. The depletion layer spreads rapidly out to the
pt contact when the external bias is incrementally
increased beyond the point described in the previous
sentence. However, the electric field throughout the
device increases only slowly due to significant and fast
increase in the depletion layer width. This results in a
gradual shape of the multiplication characteristic shown in
Fig. 2. To have the device operating in the linear mode the
operating voltage range is limited by the requirement for
avoidance of the avalanche breakdown. At the point of the
avalanche breakdown the multiplication gain is infinite,
resulting in an improper operation of the device. The
proper linear mode operation of the device requires large,
but finite multiplication gain.

Both signal and noise considerations demand that the
multiplication process is initiated by carriers having a
higher ionization coefficient. Electrons are higher
ionization coefficient carriers in silicon and for that reason
RAPDs are designed so that the light enters at the p"
region surface. Under normal operating conditions both
n and p regions are fully depleted, allowing for efficient
collection of photo-generated electron-hole pairs. Photons
have been absorbed in the 7 region and then separated by
that region’s electric field, which is approximately 3x10*
V/em. The electrons are subsequently swept into the p
region where the electric field is sufficiently high to cause
multiplication by impact ionization. Figure 3. shows a
positional dependence of the electrons multiplication gain
in an RAPD structure. The characteristic is a result of
calculations using a one dimensional model implemented
in a spreadsheet macro program [4]. The generated holes
in the 7 region are on the other hand swept toward the p*
layer. They do not experience any gain and constitute a
very small component of the overall hole current. The
hole current consists mostly of the holes created by impact
ionization in the multiplication region. The response time
of silicon RAPD is determined primarily by the hole
transit time and ranges from 400 psec to 5 nsec, depending
on the width of the absorption layer.

The situation when light is entering on the n* layer
side is possible as well, such as in the case of epitaxial
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APDs, but those devices are noisier and are used in less
demanding applications.
C. Noise

Theoretical noise studies demonstrated that the noise
component associated with the avalanche mechanism in
the silicon RAPD devices is lower if only electrons are
being multiplied. The Excess Noise Factor, F, quantifies
the above effect as described below.
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Figure 3. Positional dependence of electrons
multiplication gain in the RAPD

The noise density, i,2, in an RAPD is given by the
following equation [5]:

in” = 2q(L+ (LT M’F) (M

e [ - Surface component of the dark current,
which does not get multiplied,

e Ijn- Bulk component of the dark current
undergoing multiplication,
Ik - Background generated current,
M — Multiplication gain,

e F—Excess Noise Factor.

The Excess Noise Factor, F, is given by [3]:
F =kegM + (1 = Kegr)(2 — 1/M) 2)

e k. — the effective ratio of the hole to
electron ionization coefficients.

The noise density is reduced by lowering the value of
the Excess Noise Factor as shown by (1). keg is the
primary quantity affecting the value of the Excess Noise
Factor. Its value is always less than one, because the hole
ionization coefficient is always smaller than the electron
ionization coefficient in silicon. For multiplication gains
higher than 10 and k. less than 0.1, (2) can be simplified
to F = 2 + kyM. Consequently, low ks is highly
desirable in order to achieve a low noise RAPD
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operation. In practical terms it means that RAPDs with
lower value of kg will be able to operate at higher gains
with a lower noise level.

D. Quantum Efficiency

Light absorption in the silicon RAPD is governed by
the silicon absorption coefficient shown in Fig. 4 [6].
Quantum efficiency is a fraction of the incident photon
flux, which generates electron-hole pairs in the absorption
region and contributes to the signal current
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Figure 4. Absorption coefficient versus wavelength for
silicon

Quantum efficiency, 1 is given by [4]:

= (1= 1 —exp(—aw))1+r, exp(— aw))exp(— ad ) 3)

1- 7, exp(—2a(w+d))

where r; is the reflectivity of the front surface; r, is the
reflectivity of the back; d is the effective thickness of the
light entry “dead” layer; w is the effective thickness of
the absorption layer; and o is the absorption coefficient
of silicon in the wavelength range of interest. The light
entry “dead” layer is the p" layer. The carriers generated
in the layer do not participate in the multiplication
process and thus do not contribute to the operation of the
device. In order to maximize m, r; should be made as
small as possible by using an anti-reflecting coating, aw
should be greater than unity, ad should be much less than
unity, and r, should be as close to one as possible.

For wavelengths below 800 nm (3) takes form:

N = (1-r))exp(-ad) “4)
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Equation (4) shows that the contact layer on the light
entrance side is critical and has to be as thin as practically
possible if an increase in the sensitivity at short
wavelengths is desired.

III. SPECTRAL COVERAGE IMPROVEMENTS

Based on the RAPD quantum efficiency discussion it
is clear that thickness of the “dead” layer on the side
where light enters the structure should be minimized to
improve the short wavelength response of the device, but
it has been difficult to accomplish such a thin and highly
doped layer using standard processes common in today’s
semiconductor wafer fabrication. The silicon absorption
depth in the wavelength range of interest is shown in Fig.
5 where the shortest ‘1/e” penetration depth is around 5
nm, implying that if the “dead” layer in our RAPD were 5
nm thick we would expect a 40% quantum efficiency at
250 nm. The absorption depth at the longer wavelengths
is much longer making the RAPD operation far less
sensitive to the thickness of the “dead” layer at those long

wavelengths.
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Figure 5. Penetration depth versus incident radiation
wavelength in Si [7]

Since the p' layer is the contact as well as the surface
passivation layer, it has to be as highly doped as possible
to prevent the internal electric field from reaching the
surface of device and minimizing the series resistance of
the layer. The problem is that the p* layer is also the top
layer on the surface where light enters the device and
therefore it has to be as thin as possible. Those two
opposite requirements have been difficult to reconcile up
until now, because the high dopant solubility in silicon
needed to achieve high surface concentrations is possible
only at high temperatures, making sufficiently shallow
layers created by diffusion, implantation or standard high
temperature epitaxy impossible to produce. Fortunately, a
novel epitaxial technique developed by the Silicon
Device Integration Group at Delft University of
Technology [8] provides the means of growing such thin
and highly doped layers at lower temperatures, between
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500 and 700 °C, while still achieving surface doping
levels exceeding 10%° cm™. With the help from the Silicon
Device Integration Group, their innovative fabrication
technique has been successfully incorporated in our
RAPD processing sequence, yielding the devices
described in this paper.

The deposition of the highly doped and thin p* layer
was performed in an ASM Epsilon One reactor using
diborane B,H¢ and hydrogen H, as the gas source and
carrier gas, respectively. The target layer thickness has
been set to 3 nm. The layer deposition rate has been
calibrated  using  variable angle ellipsometry
measurements and confirmed by a Transmission Electron
Microscope (TEM). An example of such a layer is shown
in Fig. 6.

Figure 6. Thin highly doped epitaxial layer grown on
silicon

Once wafer processing has been completed, the
devices were mounted onto TO-18 header, example
shown in Fig. 7, and closed in a hermetically sealed
package with the cap window made from the fused quartz
with a special antireflective coating optimized for the
wavelength range from 255 to 700 nm.

Figure 7. RAPD mounted on TO-18 header (SURS500S8)

SURS500S8, which is Laser Components DG, Inc.
(LCDG) product designation for this new silicon RAPD,
has  current-voltage (I-V), noise and spectral
characteristics measured using setup depicted in Fig. 8.
SUR500S8 will be used from now on as the designation
for the new silicon RAPD device.
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Spectral Products Keithley 237 High Volagc
DeuteriunyHalogen Light Source Source Measurement Unit
ASBN Series
Chopper Focusing
800 Hz Objective
Spectral Products CM110 1/8m
Nl[)onochromator Collimator DUT
HP 3561A Transimpedance Keithley 6478
Dynamic Spectrum Analyzer Amplifier Picoameter/Voltage
TIA Source
Figure 8. Measurement setup
The light delivery part of the measurement setup optimized for that wavelength range. The remainder of
consists of the Spectral Products ASBN Series the characteristic, i.e. from 400 nm up, utilized the
deuterium/halogen light source combined with the halogen light source and an appropriate grating

Spectral Products CM110 1/8m monochromator and a
grating optimized for the wavelengths range of interest.
It delivers the light to a device under test (DUT) using
a 600 pum core quartz fiber and special optics. The
upper part of the setup including the Keithley 237 High 1E-06
Voltage SMU is used in DC measurements of the

1E-05

current flowing inside the device under dark and 5 IE07
illuminated conditions. During those measurements the b Hluminated—___
chopper is disabled and it is not obstructing the light E 1E-08
path. Typical I-V characteristics obtained in such 3 .

measurements are shown in Fig. 9, where the I-V ==
characteristic measured under illumination shows the Dark
typical reach-through step seen also in the

multiplication characteristic. The gradual increase of 1E-11
the current with the bias for the I-V curve measured 0 50 100 150 200 250
under illuminations closely corresponds to the gradual
increase of the multiplication gain shown in Fig. 2.

1E-10

Bias (V)
—I light @ 400 nm —1I dark
Spectral and noise characteristics of the device are
measured using the instruments depicted in the lower Figure 9. SUR500S8 I-V characteristics

section of the setup. The light output from the
monochromator is chopped at 800 Hz and SUR500S8

is biased by the Keithley 6487 Picoameter/Voltage optimized for that wavelength range. A calibrated OL
Source to operate at a multiplication gain close to 100. 730-5EC UV-enhanced silicon reference detector from
The signal from the SUR500S8 was conditioned by the Gooch & Housego was used to measure optical power
transimpedance amplifier and monitored by the HP from the monochromator.
3561A Dynamic Spectrum Analyzer. The short
wavelength region i.e. up to 400 nm of the spectral Measurement results are shown in Fig. 10 where
characteristic is measured using the deuterium light the new SURS500S8 device is compared with the
source and the monochromator with the grating LCDG standard RAPD device, SAR500S3. It has to be
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emphasized that the SAR500S3 device was assembled
using the same fused quartz cap as the SUR500S8 in
order to keep the comparison meaningful.
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wavelengths is high. Another important consideration
is minimizing the noise density at the bias levels of
interest. Measurements of the responsivity at 400 nm
and the noise density as a function of the bias
performed on the new silicon RAPD are shown in Fig.
12. The noise density is bias independent in a wide

100% .
’ range and up to the responsivity of about 50 A/W,
z indicating that the low noise device operation is
£ 50% ‘ble _whil b . hieving high
2 New SUR500 possible  while at the same tlme. achieving hig
§_ \ responsivity levels. The optimum bias voltage is the
0, . . . .
z 0% T voltage at which noise starts to increase more rapidly
% than the signal itself.
§ 40
% ’ Standard
E SARS00
R / \ 100 200
0% / /
75 150

200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

| —SURS0088 —SARS00S3 |

Figure 10. Comparison of spectral characteristics of
standard and new RAPD biased at M = 120

5 /j\ 100
Responsivity ____\_‘)7 S
25 50

Responsivity (A/W)
=3

Current Noise Density (fA/sqrt(Hz))

Significant improvements in the responsivity [9] at 0 : : , 0
the shorter wavelengths i.e. below 400 nm are clearly 120 140 160 180 200
visible in Fig. 10, but are even more evident when Bias (V)
changes in quantum efficiencies of both devices are [ Regomviy  —Nose |

compared in Fig. 11. A SURS00S8 responsivity
characteristic is also shown in Fig. 11 to demonstrate
the responsivity level attainable by such devices for
very short wavelengths. This is an important
consideration because in bio-medical applications the
signal levels are so low that it is practically impossible
to detect a signal unless the device responsivity at the

0
100% QE. - New SUR500 Ri- New SURS00 @ M=120 %

L TN ™

20% [/
10% N““‘ Q.E. - Standard SAR500 \\\ 10

0% T T T T \ \ T T 0
2000 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

I —QE. - SURS00S8  —Q.E. - SARS50083 ~ —Ri - SURS00S8

y N7 N
ST 7 N w0 n
I/ W,
4 W0 :
I = W
3 <1

Figure 12. SUR500S8 responsivity at 400 nm and dark
noise characteristics

However, it is difficult to see from Fig. 12 what
that optimum operating bias would be because
responsivity and noise density are changing very
rapidly. The Noise Equivalent Power (NEP) [10] graph
of the device as a function of bias shown in Fig. 13 is a
better representation of the device performance and it
clearly shows the optimum bias of the device.

NEP (fW/sqrt(Hz))

120 140 160 180 200
Bias (V)

Figure 13. SUR500S8 Noise Equivalent

Figure 11. SURS500S8 quantum efficiency Power
improvements
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Based on the above noise measurements, it appears
that the SUR500S8 can be operated at the responsivity
higher than 100 A/W at 400 nm. However,
measurements described in this paper were done
having no background light, while in actual
applications there always will be some background,
which will increase the level of noise in the device and
shift the NEP characteristic up and to the left. The NEP
characteristic shift lowers the optimum responsivity of
the device over the complete wavelengths range. Since
different applications have different background light
levels it is hard to predict what would be the optimum
operating point for each individual case. For that
reason, each receiver is optimized in such a way that
the SURS500S8 bias is adjusted under operating
conditions for each application so that its noise is equal
to the noise of the preamplifier.

IV. CONCLUSION

Using an innovative semiconductor processing
technique, a new class of silicon RAPD devices has
been produced that extends its usable operating range
deep into the UV wavelengths in order to meet
increasing demands for such devices in bio-medical
applications. This has been accomplished thanks to an
innovative, ultra thin and highly doped surface top
layer, grown using a new epitaxial technique developed
at Delft University of Technology in The Netherlands.
In principle, the new silicon RAPD could operate very
well even at wavelengths below 100 nm in a vacuum.
Assembled into a typical TO package, the new silicon
RAPD can operate at low noise levels at the
responsivity in excess of 50 A/W with quantum
efficiency peaking as high as 90% in the wavelength
range between 255 nm and 400 nm.
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