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A normal-incidence light-trapping scheme relying on black silicon surface nanostructures for
Si-based photoemissive detectors, operating in the IR spectral range, is proposed. An absorptance
enhancement by a factor of 2-3 is demonstrated for technologically most relevant, ultrathin
(2nm—-3nm) PtSi rear layers on Si. It is shown that this increase can be translated into an
equivalent increase in responsivity because of the absorption limitation of detector performance.
Pd,Si/p-Si detectors with black silicon are suggested as promising candidates for room temperature
detection in the third optical window with an expected external quantum efficiency in the range of
9%—14%. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829897]

INTRODUCTION

Silicon-based detectors for the infrared spectral region
are of great importance because of their excellent reproduci-
bility and low cost potential.' Since the intrinsic silicon
absorption vanishes for sub-bandgap photons, Si detectors
for 4>1100nm require more sophisticated concepts. A
widely spread and relatively mature approach is to make use
of the metal’s light absorption in a Schottky diode. These
detectors are known as Schottky barrier photodiodes or pho-
toemissive detectors. Here, absorption of a photon generates
a “hot” carrier which might overcome the Schottky barrier
and, hence, be emitted into the silicon. Generally, the emis-
sion probability depends on the barrier height, the energy of
the absorbed photon, and the mean distance a hot carrier can
travel during its lifetime, which can also be understood as its
attenuation length.! In addition to that, elastic hot carrier
scattering at the metal interfaces leads to a drastic increase in
emission probability if the metal film is very thin: Due to the
statistical redirection of the carrier’s momentum during the
elastic interface scattering event, the chance rises that a car-
rier has a momentum sufficient to overcome the barrier.”™
This imposes an inherent trade-off between improving the
internal quantum efficiency of the detector and the absorp-
tance of the metal film. As a consequence, the best photoem-
issive detectors are fabricated with metal film thicknesses
around only 2nm.° Since these are semitransparent, efforts
like waveguide integration of such detectors have been made
lately to increase the absorptance and simultaneously keep
the film thin.”~” In this publication, we propose the applica-
tion of needle-like ‘“black silicon” nanostructures for
improved light-trapping and absorptance for normal-
incidence radiation. This concept has the advantage of being
highly compatible with existing manufacturing methods
since illumination in photoemissive detectors occurs typi-
cally from the Si substrate side for improved refractive index
matching. As an example, the most prominent PtSi/p-Si sys-
tem will be examined in the following. On the basis of this
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particular detector class, this paper intends to demonstrate
how existing Si photoemissive detectors can be improved by
black silicon light-trapping and develop prospects how this
concept enables sufficient detector performance for detection
in the third optical window (around 1500nm) at room
temperature.

EXPERIMENTAL

Black silicon (b-Si) is a silicon surface nanostructure of
statistically arranged Si needles or mountain-range-like fea-
tures. In this work, they were prepared by inductively
coupled plasma reactive ion etching (ICP-RIE) of Si wafers
in an atmosphere of SFs:0, = 1:1 at pressures of 1 Pa (deep
b-Si) and 4 Pa (shallow b-Si). No chemical pre-treatment or
(lithographic) masking of the wafers is necessary.''"'* In
addition, black silicon fabricated by ICP-RIE can be formed
selectively using standard masking materials like photore-
sists or SiO, and effectively passivated by ultrathin Al,O3
layers.'?

PtSi layers were fabricated by dynamic DC magnetron
sputtering of Pt on Si and subsequent vacuum silicidation at
about 350 °C for 5min."* Prior to the Pt deposition, the Si
substrates (double-side polished, [100] cut, 1-10 Q cm,
p-type, 525 um thick) were cleaned by in situ Ar plasma
etching. Layers of varying thicknesses were deposited on the
polished rear sides of substrates with three different front
surfaces: Shallow b-Si, deep b-Si, and as-polished. To pre-
serve the comparability between all samples, the depositions
were performed in one run per Pt thickness, and the silicida-
tion conditions were kept identically.

Hemispherical reflectance (R) and transmittance (T)
spectra were measured in a PerkinElmer 950 spectrometer
with an integrating sphere. The samples were mounted with
the polished Si or b-Si sides facing the incident light beam,
respectively. To obtain an accurate complex refractive index
of the fabricated PtSi layers, theoretical spectra were fitted to
the measured spectra of the double-side polished samples.

© 2013 AIP Publishing LLC
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For that purpose, the commercial software SpectraRay by
Sentech Instruments was used. The refractive index of PtSi
was modeled by a Drude-Lorentz oscillator dispersion model
(&, dielectric constant; w, frequency; A, o, 3, const.)

e=1+ A (D)
N 0§ — w* —ifw’

For one sample, the PtSi film thickness was controlled by
high resolution (scanning) transmission electron microscopy
[HR-(S)TEM] analysis, in combination with energy-
dispersive X-ray spectroscopy (STEM-EDXS), using an
aberration-corrected TITAN® G2 80-300 transmission elec-
tron microscope, equipped with a SuperX-EDXS detector
(FEI company), operated at 300kV.

Cross-sectional TEM samples were prepared following
the standard procedure consisting of face-to-face gluing,
embedding into alumina tubes, cutting, plane-parallel grind-
ing and polishing, one-sided dimpling, both-sided Ar*-beam
etching at 2.5 keV under an incidence angle of 5°, and selec-
tive carbon coating.'? Prior to preparation, a thin Cr protec-
tion layer was sputter deposited on top of the sample.

SIMULATION

Theoretical absorptance spectra of b-Si nanostructured
samples with rear PtSi layers have been calculated using a
hybrid method. Thereby the rigorous numerical solution of
the scattering problem at the nanostructured interface was
combined with an incoherent propagation scheme to treat the
light propagation in the thick bulk region of the silicon wa-
fer. In a first step the scattering response of both a periodic
5 5 um? patch of the b-Si surface and the plane rear side
were calculated with the Fourier modal method.'® The result-
ing amplitude scattering matrices that connect all incident
and scattered diffraction orders at the interfaces were then
converted into intensity based scattering matrices that resem-
ble the Mueller calculus.'® Finally, with the known Mueller
scattering matrices the light propagation within the substrate
was treated with an S-matrix algorithm'’ operating on inco-
herent Stokes vectors.'®

For the PtSi rear layers the same complex refractive index
data were assumed as obtained by previous modeling of the
double-side polished samples. The silicon’s optical constants
were adapted from Ref. 19. Since this method is computation-
ally highly demanding, we restricted the calculation to wave-
lengths in the range of 1250nm-2500nm. The obtained
spectra exhibit several artificial kinks or oscillations. These
arise from the sudden appearance and disappearance of propa-
gating diffraction orders due to the periodic boundary condi-
tions that were imposed to the finite lateral simulation area.
To get reasonable spectra, these features were removed by
moving average smoothing. Further information concerning
the simulation method can be found in Ref. 18.

In order to estimate the internal quantum efficiencies of
photoemissive PtSi/Si detectors, the thin-film single-barrier
Schottky detector model by Scales and Berini was adopted.”®
In this phenomenological model, a hot electron in the metal
will only overcome the Schottky barrier if its kinetic energy
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related to its momentum component perpendicular to the
metal/silicon interface exceeds the barrier height ®p. In addi-
tion, it is assumed that the hot carrier’s excess energy (above
the Fermi level Er) is purely kinetic. Then, the emission
probability P over the barrier for a carrier with excess energy
E > ®p can be written as

1 o

An accurate description of the photoemission process also
needs to take into account processes that lead to a decreased
carrier excess energy. Multiple interactions will have such an
effect, like scattering with phonons, impurities, defects, and
cold carriers. In a simplified manner, all these processes can be
considered in one single parameter, the hot carrier attenuation
length L,, (or L, for holes, respectively), which corresponds to
the mean free path of the hot carrier before undergoing an scat-
tering event. This is a rough simplification which can only be
justified by using empirical values for L,,,. Considering a huge
number of hot carriers, the mean energy after traveling along
the distance x can be estimated within this notion to be

E(x) = Egexp(—x/L,,). 3)

P(E)

With hot carrier attenuation lengths in the range of tens of
nanometers,*%?! it can be advantageous to utilize a photo-
emissive metal layer which is much thinner than the hot
carrier attenuation length. Then, in a ballistic roundtrip
model, the hot carriers will undergo reflection at the rear
dielectric/metal and the front metal/silicon interface if they
are not emitted across the barrier. Assuming both reflection
processes to be elastic and diffuse, this will greatly increase
the overall emission probability. In this case, the total emis-
sion probability P* can be written as

Nmax

ZP,,H 1—P) 4)
k=0

n=0

with (¢, metal thickness, i, photon energy)

L
Nmax = ln <§)l;) ()

Eyexp <— 57)] : (6)
n/p

Finally, the internal quantum efficiency (/QF) for incident
light of energy hv can be calculated by integrating over a
box type density of electron states g(E) = const.

P, =P(E,) =P

hy hv

IQE =% = — D
Jg(Eo)dEo

0
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The outlined calculation procedure is solved numerically. As
shown by Scales and Berini,®® it gives remarkably good
results if the hot carrier attenuation length L, is treated as a
fitting parameter. For the PtSi/Si detectors fabricated by
Elabd and Kosonocky,® they obtained values of 150 nm and
56nm for PtSi layers of thickness 3nm and 8 nm, respec-
tively. In this work, unless otherwise noted, a not too high
value of L,=80nm was assumed for hole emission and a
barrier height @y of 0.254 eV (Ref. 22) in the PtSi/Si(p) sys-
tem. It should be noted that the latter represents an ideal
value which is obtained as difference of the silicon’s
bandgap and the highest barrier value reported on n-Si. This
would not hold if the barrier height is reduced by the pres-
ence of interface states or by image-force lowering,?* which
would give rise to a slightly raised cut-off wavelength and
IQFE, respectively. However, since silicide/silicon contacts
are usually formed beneath the original silicon surface by
heat treatment of deposited metal films, they are typically
defect-free and, thus, show nearly ideal characteristics. 1,23

Dark current density jda,.k:A**T2 exp(-e®p/(kT)) 1is
calculated with the effective Richardson constant
AT=32 A/(cm2 Kz) for holes, according to Crowell and
Sz 2224

RESULTS

Theoretical predictions of the absorption behavior of
ultrathin, semitransparent metal layers require precise
knowledge of the layer’s refractive index. For that purpose,
Pt layers of varying thickness were sputtered on double-side
polished Si wafers and silicided thereafter. The desired Pt
thicknesses were estimated by assuming a constant deposi-
tion rate, as obtained from profilometry at thicker samples.
In case of the 2 thinnest layers, a linear DC power-
deposition rate relationship was furthermore expected.
Under these assumptions, the deposited Pt layers are
expected to be 1, 2, 5, and 10nm thick, resulting in PtSi
layers of about twice the thickness (i.e., 2, 4, 10, 20 nm).1
Refractive indices of these layers in the range 1000-2500 nm
were determined by fitting measured sample reflectance and
transmittance spectra using a Drude-Lorentz oscillator
model. Thereby, also the layers’ thicknesses have to be used
as fitting parameters since already slight variations in these
have a huge impact on the fit results. As starting parameters
the estimated values of 2, 4, 10, and 20 nm have been used.
In order to ensure consistency of the results, it was implied
that all layers have the same complex refractive index. In
this spirit, all 8 reflectance and transmittance spectra of the
samples were fitted at the same time, taking into account dif-
ferent layer thicknesses and allowing for variation of the lat-
ter. Figure 1 displays the fitting results. For clarity, here the
absorptance spectra (A=1 — R — T) are plotted instead of
all R and T spectra. The typical fit’s deviation from the R and
T measurements is approximately the same in the depicted
graphs. The agreement to the measurement is fairly good.
Yet partially the fitted layer thicknesses deviate from the
estimations significantly, especially in case of the thinner
samples which are seen to tend to higher values. However,
with regard to the changed deposition conditions (lowered
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DC power during deposition of the 2 thinnest samples) and
the markedly short deposition durations of only a few sec-
onds, these variations are hardly surprising and, thus, sup-
posed to be real. To confirm the propriety of the fitting
procedure used to determine the thin film thicknesses, the
sample with the smallest PtSi film thickness was further ana-
lyzed by means of (scanning) TEM and EDXS analysis. As
can be seen in Figure 1, the layer thickness of the thinnest
PtSi layer (2.8 nm) that was obtained using the fitting proce-
dure as described above can be assumed to be correct, within
the limits of error due to sample preparation restraints and
the fact that TEM gives highly localized information, in con-
tradiction to the ellipsometry results that integrate over a
rather large sample surface area. Therefore, it seems justified
to calculate the thicknesses of all samples with a routine as
described above.

The matter of fact that the obtained refractive index (Figure
1), when thickness deviations are allowed, is comparable to the
one published by Mooney? supports this interpretation.

Like mentioned before, the technologically most inter-
esting layer is the thinnest layer of only 2.8 nm thickness
because of its inherently highest internal quantum efficiency
n;. However, the film’s absorptance is the lowest, amounting
to only ~13%.

To raise this small absorptance, our attempt is to apply
black silicon nanostructures to the illumination facing silicon
side of the detector. Such nanostructures have two positive
optical effects. First, they act as an antireflection coating,
which can be intelligibly understood in terms of an effective
medium index gradient layer.”® Second, they lead to a strong
forward scattering of the incident light into higher angles of
propagation such that the effective path length of light through
the PtSi absorber layer is raised. The latter even yields the
probability of strong light-trapping in the Si/PtSi device due to
raised internal reflectance (or even total internal reﬂectance).18

In this work, two different black silicon nanostructures
were examined. While the first has rather shallow feature
depths of about 500 nm and small feature distances, the sec-
ond exhibits greater depths of about 1700 nm and slightly
larger feature distances (Figure 2). From our previous experi-
ences with the optical behavior of those nanostructures, we
expected the deeper structure to yield a stronger absorptance
enhancement since it leads to a stronger forward scattering
of incident light into higher angles and hence in an improved
light-trapping.””-*® It can be seen from Figure 3 that this
anticipation is indeed correct. While both structures lead to a
strongly increased absorptance, the effect of the deeper b-Si
is even more pronounced. In particular, in the case of the
thinnest PtSi film, the absorptance is raised by a factor of 4
to about 50% up to a wavelength of 2000 nm by this struc-
ture. The fair agreement between the simulated and the ex-
perimental spectra should also be noted. Although the
calculations deviate measurably for the thin PtSi layers, the
principle tendencies—the spectrum shapes, the thickness de-
pendency, and the higher absorptance for the deeper nano-
structures—are met. As an example, Figure 4 illustrates this
for a fixed wavelength of 1550 nm, being important for tele-
communication. The experimental and the calculated data
are in good accordance, especially for the thicker films.
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FIG. 1. Measured (straight lines) and calculated (dashed lines) absorptance spectra of the 4 PtSi layers on Si (top left). The graph also gives the corrected layer
thicknesses, as obtained from the fitting procedure. For calculation, the fitted complex refractive index has been used (top right). Bottom left: STEM micro-
graph of a cross-sectioned sample with minimum PtSi thickness (interface area Si-PtSi-Cr). The inset shows a high-resolution TEM micrograph of the same
sample. Bottom right: STEM micrograph (upper right panel, white frame highlights EDXS analysis area) and EDXS mappings of Cr, Si, and Pt of the same

sample. The EDXS mappings confirm that the layer of bright contrast in the STEM micrograph is the PtSi layer.

Hence, we conclude that this confirms the validity of the
conducted calculations and proves the applicability of our
numerical method for first principle studies of different
metal/Si photoemissive detectors with b-Si light-trapping

structures.

A realistic prediction of achievable detector perform-
ance requires knowledge of the thickness dependent /QE.
For that, we use the model by Scales and Berini.”® As out-
lined above, it only requires the PtSi thickness, the Schottky
barrier height @, and the free carrier attenuation length L,

FIG. 2. Scanning electron images of the utilized shallow (left) and deep (right) black silicon nanostructures. The scale bar has a length of 1 um. Note the differ-

ent scaling.
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FIG. 3. Measured (straight lines) and calculated (dashed lines) absorptance spectra of the PtSi layers on the rear side of silicon wafers with shallow (left) and
deep (right) black silicon nanostructure. The respective PtSi thickness is given next to the spectra.

as input parameters. To assure a conservative estimation of
the /QF, only 80 nm was assumed for the latter whereas val-
ues of up to 150 nm are reported in the literature.”® Figure 5
displays the resulting internal quantum efficiency at 1550 nm
for the PtSi/p-Si detector with varying silicide thickness. In
addition, also the (theoretical) absorptance A and the external
quantum efficiency EQE =IQExA for a detector with deep
black silicon are plotted. While A grows with thickness, IQF
decreases because of the vanishing effect of carrier reflection
at the interfaces. As a consequence, a distinct optimum of
about 20% is observable for the EQE around a layer thick-
ness of 3 nm. This means that we can expect our 2.8 nm thick
PtSi layer to show the best performance. Figure 6 gives a
comparison of the expected EQFE in the case of b-Si light-
trapping structures atop the device and in the case of a pol-
ished Si front surface. This comparison, however, fails to
some extent because it does not reflect realistic devices.
Common PtSi/Si detectors comprise an additional single
layer antireflection coating (SLAC) and a SiO,/Al rear mir-
ror to absorb a larger fraction of the incident light. To
account for this, we performed calculations using the soft-
ware Open Filters® to find out what the effect of such opti-
mized system is. First, it has to be noted that the SLAC can
only be optimized for a relatively narrow wavelength range
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0.9 deep b-Si
0.8 P L
0.7 - I
06 . = L
05 ) P L

y - -

041 /).~ ==="bolished
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024/ z° L

0.1, :

0.0 — T T 1 T T ' T T T T T T 1T T T T
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PtSi thickness [nm]

- -

absorptance @ 1550 nm

FIG. 4. Comparison of experimental (solid lines) and theoretical (dashed
lines) absorptance at 1550 nm for different PtSi film thicknesses.

compared to the broadband antireflection capabilities of a
black silicon nanostructure since the SLAC condition
dsiac = M(4ngp 4c) can only be ideally met for one single
wavelength. Here, we chose the design wavelength 4 to be
1550 nm. From a purely optical point of view, it is the best to
use SiN for the SLAC since its refractive index of about 2 is
near the optimal value of nSLAC:(nu,-,:nS,»)l/Z% 1.9 in the
considered spectral range. Hence, the numerically optimized
system has the structure Air/SiN (194 nm)/Si/PtSi
(2.8 nm)/Si0, (280 nm)/Al (opaque thickness) and results in
a raised absorptance of about 28% at 1550 nm.

On the other hand, the PtSi/Si detector with b-Si light-
trapping would also benefit from a rear mirror since the
2.8 nm thick PtSi is semi-transparent, and some fraction of
light is lost in transmittance. To estimate the degree of bene-
fit, additional reflectance and transmittance spectra of the
sample with deep b-Si and 2.8 nm PtSi were recorded, where
the sample was illuminated from the polished, PtSi coated
rear side. With these spectra and the approximation that the
reflectivity of the PtSi/Air interface equals the reflectivity of
the PtSi/Si0O, interface (which holds since the refractive indi-
ces np ;e and ng;op are similar to each other with regard to the
PtSi’s refractive index), a formula for the approximate frac-
tion of transmitted light, that is re-absorbed through

10 T T T T T T T M T T T T T T T T T
0.9 fo A L0.20
] { 1O
0.8 ; h\ ..|l1z5l()llllII"'.-...
4 o =] ..I
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) _‘__)\ vy
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FIG. 5. Estimation of the optimum PtSi thickness in a PtSi/p-Si device with
deep Black Silicon for detection at 1550 nm.



183102-6 Steglich et al.

n 1 1 1 n

------ complete absorbtance (IQE)
- - - -polished r
deep Black Silicon

<
13)

0.4+

NJear mirror -, |
Ols—\r I

{27% }\

0.24

1 optimized optical system

0.1 11% T

external quantum efficiency

0.0

12|50 l 15|00 ' 17|50 l 20|00 ' 22l50 I 2500
wavelength [nm]

FIG. 6. Comparison of achievable external quantum efficiencies in normal-
incidence PtSi/p-Si detectors with and without (deep) black silicon light-
trapping. PtSi thickness is 2.8 nm. Optically optimized systems include a
SiN-SLAC (only in the case of an unstructured, polished front surface) and a
SiO,/Al rear mirror for enhanced light absorption. The hypothetical curve
for complete light absorption (corresponding to the IQE) is also shown.

application of the rear mirror, can be derived (A*, R*, meas-
ured absorbtance/reflectance under rear illumination; R, fi-
nite Al mirror reflectance)’

A*RAI

f;'efabs ~ T*RA[ .

®)

With that fraction of re-absorption f,. ., We can estimate
the raised absorptance for the rear mirror enhanced detector
with 2.8 nm PtSi and deep b-Si light-trapping. Using a realis-
tic value of R,;=0.975, this estimation yields a f,, ;s that
slowly decreases from 62% at 1200 nm to 30% at 2400 nm.

Both optimized detector systems—with and without b-Si
light-trapping—are also included in Figure 6. The more realis-
tic comparison between them yields, in principle, the same
result like the comparison of the non-optimized structures: The
absorptance and hence the EQF of the thin film PtSi/Si detector
is raised by about a factor of 2 through the application of black
silicon light-trapping. For instance, the EQE and responsivity
R [A/W]=EQE-A[nm]/1240 reaches 27% and 0.33 A/W at
1550 nm compared to only 11% and 0.13 A/W in the optimized
planar optical system with SiN-SLAC and Al rear mirror. A
detector with black silicon and metallic rear mirror of 10 um
active diameter would have a dark current of about 120 uA at
300K. Thus, for a 10dB signal-to-noise ratio (SNR), a mini-
mum detectable power of about 4 mW can be derived under
the assumption of dominating dark current noise.

DISCUSSION

In 1985, Kosonocky et al. reported a PtSi/p-Si photoem-
issive detector with a PtSi thickness of 2nm and about 18%
EQE at 1650 nm, equipped with a SiO SLAC and a SiO/Al
rear mirror for maximum light absorption.31 Moreover, the
authors noted a theoretical absorptance of ~30% at a design
wavelength of 4 yum and a low barrier height @5 of 0.208 eV.
Reconstructing and evaluating their optical cavity design
with the refractive indices as obtained by us, we, however,
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end up with an absorptance of only 20% at 1650 nm. This
means that an /QFE of almost 100% is necessitated to obtain
the reported 18% EQE. From the theoretical point of view,
this is impossible. Thus, it is more reasonable to take into
account several reasons for their surprisingly high EQE. First
of all, the lower Schottky barrier of 0.208 eV—compared to
the value of 0.254 eV supposed by us in this work—gives
rise to a slightly higher /QF. Combining this with an
increased hot carrier attenuation length of 150nm (like in
Ref. 20) results in a considerably improved IQFE of about
60% at 1650 nm. Second, if we now speculate that 20% of
absorptance is an underestimation of the PtSi film’s real ab-
sorptance in Ref. 31, a high EQE of 18% seems feasible.
However, since the refractive index data for PtSi as deter-
mined by us and by Mooney® differ only slightly at higher
wavelengths (>2000nm), an inaccurate optical calculation
can be excluded from the list of possible sources of error.
Another potential reason of absorptance underestimation is
the PtSi layer’s physical thickness. If, for example, the
authors in Ref. 31 in fact had a slightly thicker PtSi film of
3nm, the detector’s absorptance would amount to ~30%
and, in combination with 60% IQE, yield an EQE of 18% in
the end. Interestingly, Scales and Berini drew a similar con-
clusion in their analysis of Kosonocky’s data.”® Checking
Kosonocky’s statement that the PtSi film had a thickness of
one tenth of the skin depth at 4 um, they also determined the
thickness to be 3 nm rather than 2 nm.

Another comparison shall be made with the work by
Chen er al.”?> in which data for front-illuminated PtSi
(2nm)/p-Si detectors are presented. Relying on a rough esti-
mation of the PtSi’s refractive index, they derived an absorp-
tance of 4.9% at 1500nm and measured an EQE of 2.5%.
However, from their measurements they also derived an IQE
of 42% and hence a semi-theoretical EQE of only 2.1%. We
think that this discrepancy between the measured and the cal-
culated EQF in Ref. 32 can be explained by a slight underesti-
mation of absorptance at 1500 nm. With our optical data, we
obtain a higher absorptance of A =6.2% for the detector con-
figuration considered by Chen ef al. Choosing L, =80 nm and
Oz =0.254¢V like before, we get IQE ~40% at 1500 nm and
hence an EQFE of 2.5%, which is in excellent accordance to
the experimental results in Ref. 32.

All together, we conclude that the presented results (i.e.,
the determined PtSi refractive index) in combination with the
applied IQF calculation method are well suited to interpret the
findings of other authors. Uncertainties, in particular, regard-
ing the detector performance predictions that have been made,
arise from differing published Schottky barrier heights. The
second parameter which enters the calculation, the free carrier
attenuation length L,,, reflects the electronic quality of the PtSi
and typically ranges from 80 nm to 150 nm. Conservative esti-
mates (L, =80nm) reveal that the suggested b-Si light-trap-
ping method may yield an EQE of 30% at 1500nm.
Disregarding the noted uncertainties in /QF calculation, any
PtSi/Si detector (with given /QF) will be improved through
the absorptance enhancement by a factor of 2 to 3 for relevant
PtSi thicknesses between 2 nm and 3 nm.

We would like to emphasize that the presented black sil-
icon light-trapping scheme is not restricted to the PtSi/Si
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system. Clear benefits can be expected for other metal/Si (or
silicide/Si) systems, too. Quantitative statements, however,
always strongly depend on the utilized metal (silicide) and
its complex refractive index. As an example, the Pd,Si/p-Si
system might be better suited for detection in the near-
infrared at room-temperature because of its substantially
higher Schottky barrier of 0.337eV (Ref. 6) which, in turn,
results in an about 20 times lower dark current. Assuming a
film thickness of 2-3nm and L,~40nm, as determined in
Ref. 20, we obtain an IQFE of 15%-20% for this system.
Since the optical function of Pd,Si is similar to that of PtSi
at 1550 nm,>* we can assume a similar absorptance benefit
by the b-Si nanostructure (i.e., A =60%—70%) and hence get
an EQE of 9%—14%. A hypothetical detector as before, with
10 um active area diameter, would then have a dark current
of 5 uA and, hence, a strongly reduced 10 dB minimum de-
tectable power of 0.2-0.3 mW.

CONCLUSION

In this paper, we have demonstrated the beneficial effect
of a black silicon light-trapping structure on the absorptance
of ultra-thin rear PtSi films on Si both theoretically and
experimentally. For that, the refractive index of PtSi has
been determined and has been shown to be in good agree-
ment with earlier data.>> With these results, estimations of
the achievable performance of photoemissive PtSi/p-Si
detectors have been derived with the aid of a ballistic model
for the carrier collection efficiency.?® This model has been
validated by applying it to literature data. Conservative esti-
mates yield a feasible external quantum efficiency of about
30% at 1500 nm. As evidenced in the literature,31 an even
better device performance might be possible by the fabrica-
tion of higher quality PtSi layers.

Anyhow, by applying black silicon to the front surface
an increase in efficiency by a factor of 2-3 can be achieved,
compared to an optically optimized device with planar inter-
faces (utilizing an antireflection coating and a rear mirror).

Considering photoemissive Si detectors for the second
and third optical window operating at room temperature, the
combination Pd,Si/p-Si is suggested rather than PtSi/p-Si.
Evaluation gives an achievable external quantum efficiency
of 9%—14% and a dark current of only 5 uA for a Pd,Si/p-Si
sensor with black silicon light-trapping and 10 um active di-
ameter at 300 K.
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