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In this paper, we investigate three different passivating films for use in predictable quantum efficient
detectors: two monolayer films of SiN, with different compositions and one double-layer stack of
SiN,O, capped with SiN,, all deposited on very high resistivity silicon substrates. In addition to the
conventional characterization methods, we also utilize the novel method of photoluminescence
imaging under applied bias (PL-V) and high voltage soaking to modulate the fixed charge density Qs
in the layers. All films exhibit very good passivating properties after deposition and annealing, with
the oxynitride stack providing the best passivation, resulting in an effective carrier lifetime close to
20 ms. This value is explained by a relatively high fixed charge density of Q;=1.12x 10'?>cm™ and
low interface defect density (Sg, = 6.0 x 10> cm/s), giving a chemical passivation which is an order
of magnitude better than the investigated nitrides. Both nitride films were readily charged by voltage
soaking, increasing the effective carrier lifetime by about 20%. Based on the passivating properties,
photodetector device simulations predict that self-induced photodiodes made with any of these pas-
sivation layers will have an internal quantum deficiency well below 1 ppm for selected wavelengths
at room temperature, and all the investigated materials are thus good candidates for use as passivating

layers in such photodiodes. Published by AIP Publishing. https://doi.org/10.1063/1.5054696

I. INTRODUCTION

In the search for a new primary standard for measuring
optical power, the predictable quantum efficient detector
(PQED) has proven to be a good candidate as it has been
demonstrated to have a very low internal quantum deficiency
(IQD) with an uncertainty below 100 ppm."? This type of
diode is based on an induced junction, where the fixed
charge in a dielectric surface layer induces a p-n junction in
the underlying silicon substrate. The layer also provides
surface passivation by minimizing surface recombination.
Generally, there are two different strategies for improved
surface passivation: (i) chemical passivation, where the
number of recombination-active interface states at the surface
is reduced, and (ii) field-effect passivation, where the concen-
tration of one type of charge carrier at the interface is drasti-
cally reduced due to the electrical field. The former is
achieved through passivating electrically active defects at the
silicon surface, such as silicon dangling bonds. The latter is
achieved by the fixed charges in the dielectric repelling
either electrons or holes, depending on the type of charge.

Several materials may be suitable as passivating layers
for silicon devices. SiO,, a standard coating in the solar cell
industry, and Al,O3 have both been demonstrated to work as
surface passivation layers of self-induced photodiodes.'~
Amorphous hydrogenated silicon nitride films, a—SiN,:H
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(here abbreviated as SiNy), also have a long history in the
solar cell industry, as they outperform standard coatings in
reducing optical losses and in providing both surface and
bulk passivation* but has not yet been realized as an induced
photodiode. A recent study’ has demonstrated the possibility
to increase the fixed charge in SiNy layers deposited on high-
resistivity silicon substrates suitable for photodetector appli-
cations. The increased fixed charge leads to reduced effective
surface recombination velocities, making SiNy a promising
candidate as passivation layer for photodiodes. Another
strong candidate is a double-layer structure of amorphous
hydrogenated silicon-rich oxynitride (here abbreviated as
SiN,Oy) capped with SiN,, as this has proven an excellent
surface passivation layer for silicon solar cell applications.
Such SiN,O,/SiNy stack structures have been investigated
both in our previous work and by other groups and are attrac-
tive for use in PQEDs as they also have a large positive fixed
charge density, and at the same time can be processed with a
lower interface defect density at the SiN,O,/c-Si interface.®’

The simple structure of an induced junction diode is
desirable for photodiode applications as it makes fabrication
relatively simple while making it suitable to model and
predict their response with high accuracy. Models predict that
lowering the surface recombination velocity (SRV) will
lower the IQD of the photodiode. In addition, it shows that
increasing the fixed charge density, Qy, of the surface reduces
the internal losses. Q; and SRV have been identified to be
the key parameters defining the IQD of induced photodiodes
and are therefore the parameters of interest in this study
of passivation materials. In combination with experimental

Published by AIP Publishing.
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measurements of Qf and SRV, detailed device modeling can
be used for accurate prediction of the quantum efficiency of
PQEDs. The key parameters are traditionally assessed using
capacitance-voltage (C-V) and minority carrier lifetime
measurements.

In this paper, we use the C-V and minority carrier life-
time (hereafter: lifetime) characterization methods to investi-
gate three different passivating films as potential candidates
for use in PQEDs: two monolayer films of SiN, with differ-
ent compositions and one double-layer stack of SiN,O,
capped with SiN; (oxynitride stack for short), all deposited
on a very high resistivity silicon substrate. In addition to the
conventional characterization methods, we also utilize the
novel method of photoluminescence imaging under applied
bias (PL-V) and high voltage soaking to modulate Qy in the
layers.lo’11 In combination with detailed simulation models,
this approach provides a fundamental understanding of the
studied surface layers and the possibility to predict the
response of a final device. Finally, we have used accurate 3D
models to predict the IQD if photodiodes were manufactured
with the different passivation layers examined in this study.

Il. EXPERIMENTAL

The substrates were 4 in. high-quality polished p-type
[100] monocrystalline Float Zone wafers with a nominal
thickness of 525 um and a resistivity of >10 000 Q cm. Prior
to layer deposition, the wafers were divided into two and
received a 30 s dip in 5% HF solution followed by deionized
water rinsing. All passivation layers were deposited using
high-frequency plasma-enhanced chemical vapor deposition
(PECVD) with an Oxford instruments Plasmal.ab 133 direct
plasma system at 400 °C.

For the SiN, layers, silane, ammonia (NHj3), and nitro-
gen (N,) were used. The gas-flux ratios for the nitride layers,
Rg =[SiH4)/[NH3], were chosen based on initial experimen-
tation and literature.*> The double-layer stack consisted of a
~13nm thick layer of SiN,O, capped with SiN,. For the
SiN,O, layer, silane (SiH,), hydrogen (H,), and nitrous
oxide (N,O) were used as process gases. Film thickness and
refractive index were measured by ellipsometry. These mea-
surements also gave an estimate of the absorption coefficients
of the films, k. However, the measurement setup used was
not ideal for measuring these values, so the values are there-
fore associated with high uncertainty. Further studies of the
absorption in the films are therefore necessary. Parameters
measured by ellipsometry are listed in Table I, and sketches
of the symmetrically passivated samples are shown in Fig. 1.

TABLE 1. PECVD gas-flux ratios for nitride layers, Rg=[SiH4J/[NH3].
Layer thickness, d, refractive index, n, and absorption coefficient, k, measured
by ellipsometry. The values for n and k are given for a wavelength of
630 nm.

Sample Rg d (nm) n k

SiNk(A) 0.25 95 1.85 32x1077
SiN,(B) 0.50 99 1.89 40% 1077
SiN,O,/SiN, .../1.00 13/102 2.05 43x107*

J. Appl. Phys. 124, 214502 (2018)

102 nm SiN,(c)
95 nm SiN,(a) 99 nm SiN,(b) TEREGIG)
525 pmcSi 525 pmc-Si 525 pm c-Si
95 nm SiN,(a) 99 nm SiN,(b) 13 nm SiN,O,

102 nm SiNy(c)

SiN(A) SiN,(B) SiN,O,/SiN,

FIG. 1. Sketches of symmetrically passivated samples. Letters a, b, and ¢ in
parentheses indicate SiN, layers of different compositions.

The chosen process condition for the passivation layers
was determined based on a number of test samples and opti-
mized for the following criteria: (1) low SRV, (2) good
dielectric quality, ensuring relatively well-behaved properties
during electrical characterization, and (3) low optical absorp-
tion in the visible part of the spectrum. In a previous work
on similar layers'' we found that a higher ratio of R¢ results
in a more Si-rich film and a higher H content, which
generally improves the passivation properties (in the end
approaching that of a-Si:H) but decreases the dielectric prop-
erties. The chosen values for R thus represent a compromise
of the two. For the SiN,O,/SiN, stacks, a higher Rs value
could be used for the capping SiN, layer due to the excellent
dielectric properties of the SiN,O, itself. For each of the
three passivating layers, two types of samples were made:
symmetrical double-sided depositions for Photoluminescence
(PL) and Quasi-Steady State Photo Conductance (QSSPC)
measurements (lifetime samples) and single-sided deposi-
tions for C-V measurements. For the single-sided samples,
rear contacts were made by depositing Al onto the rear
(Si side) of the wafers, followed by annealing at 400 °C for
~9min. The annealing was performed for two reasons:
During the annealing, hydrogen from the PECVD layers dif-
fuses to the interface and passivates recombination active
dangling bonds, thus lowering the surface recombination
rate. Second, the rear side Al on the rear of the single side
passivated samples forms a high-quality ohmic contact to the
Si wafers. The annealing temperature and time was chosen
based on a previous optimization of these two effects.
Circular Al electrodes of diameters 1.5, 2.0, and 2.5 mm
were then deposited on top of the passivating layer, creating
metal-insulator-semiconductor (MIS) structures. The double-
sided samples received the same heat treatment, and 9.0 mm
diameter circular Al electrodes were deposited on top of the
passivating layer. The large sizes of the electrodes were
chosen to minimize the effect of lateral diffusion of charge
carriers at the edges during PL-V measurements.'? In addi-
tion to the top electrodes, silver paste contacts were applied
to the Si substrate on the rear side by scraping through the
surface layer with a diamond pen.

QSSPC lifetime measurements'> (using a WCT-120
setup from Sinton Instruments in transient mode) were per-
formed before and after annealing, and prior to electrode dep-
osition on all lifetime samples. Dark C-V measurements
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were performed using a four probe Keithley 4200-SCS semi-
conductor characterization system with a frequency of 2-10
kHz. From these measurements, we can calculate the fixed
charge in the dielectric films using the relation

Ci
=" (Ag,, — 1
Qf AC] ( Prns Vﬂ?)’ ( )

where Vy, is the flat band voltage obtained from the C-V
curves, C; is the insulator capacitance, A is the electrode
area, and Ag,,; is the metal-semiconductor work function
difference.'* A common problem for such measurements is
the shifting of the absolute value for the insulator capaci-
tance, C;, due to frequency dependent series resistance in
the MIS structure,'>'? and this effect becomes pronounced
in our case due to the high resistivity of the substrate. We
therefore use the theoretical value C;=¢gyg;A/d; in calcula-
tions of the fixed charge.

Soaking experiments were conducted by applying an
increasingly negative soaking voltage across the MIS struc-
tures for 100 s prior to each C-V measurement. Starting at
—10V, the samples were soaked at increasing negative
voltage until the MIS structure broke down and Qy was mea-
sured between each charging step.

Spatially resolved steady state lifetime measurements
were obtained by combining QSSPC measurements with
PL imaging'® (using a LIS-R1 PL imaging setup from
BT imaging with an excitation wavelength of 808 nm).
Photoluminescence imaging under applied bias (PL-V) mea-
surements were conducted as described in the work by Haug
et al.'® With this technique, PL images were recorded while
the samples were subject to an external bias over the rear side
dielectric passivation layer, ranging from 10V to —10V in
steps of 0.2V. This has the effect of changing the band
bending in the Si close to the affected surface, in a similar
way to when fixed charges are present in the dielectric layer.
In addition, a soaking experiment equivalent to the one
described above was also conducted in the PL setup, where
the samples were soaked by an external voltage source prior
to each PL measurement. For the larger metal pads used for
the lifetime samples, MIS structure breakdown happened
between —35V and —60 V.

The 2D simulations were performed using Cogenda
Genius TCAD.'® Experimental input about sample geometry,
doping, etc. was used to build a model of the lifetime
samples, and the results of the QSSPC and PL-V lifetime
measurement were simulated by calculating the excess carrier
density and optical generation rate in the middle of the
sample. The implemented bulk recombination processes
include band-to-band, Shockley-Read-Hall (SRH), and
Auger. The surface recombination rate Uy, is described by
an extended SRH theory, assuming a single level midgap
defect'” and can be written as

2
1 Dshs — 1;

Se = X ,
T N (s + 1n;)/Sop + (ps +n)/Son

2

where Ang, is the excess carrier density on the neutral bulk
of the sample, p,(ny) is the hole (electron) concentration at
the surface, n; is the intrinsic carrier concentration, and

J. Appl. Phys. 124, 214502 (2018)

So0,p(So,,) 1s the SRV parameter for holes (electrons). The
SRV parameters for electrons and holes are defined as

SO,n = GnvthNit,
3)
Sop = GpVinlNis,

where ¢, and o, are the capture cross sections for electrons
and holes, vy, is the thermal velocity of charge carrier, and
N;, is the (midgap) defect density per area at the interface.
Using the available experimental tools, it is not possible to
quantify N and o,/, independently. However, as it is always
the product of the two which determines the impact of the
surface defects on the surface recombination rate, the
so-called chemical passivation, and it is therefore So, and So,
which are the important quantities for describing device per-
formance. In addition to the chemical passivation, the surface
recombination is also limited by field-effect passivation,
determined by the band bending conditions at the surface
caused by the fixed charges O, and which again determines
ng and py in Eq. (2). The surface recombination properties
can therefore be uniquely described by So,, So,, and Oy, and
these three parameters were also used as fitting parameters
when fitting the simulated data to the experimental lifetime
curves. Finally, the internal quantum deficiency of full
PQED detectors was simulated, using the same recombina-
tion parameters and fixed charge densities for the three dif-
ferent charged passivation layers.

lll. RESULTS AND DISCUSSION

Figure 2 shows the experimental and simulated QSSPC
curves after annealing of the samples. We see that SiN,(A)
and SiN,(B) have similar effective lifetimes, whereas the
values for SiN,O,/SiN, is about four times as high at the
lower injection levels. The lifetime curves were also mea-
sured before annealing (not shown). A 50%—70% improve-
ment of the carrier lifetime was observed after annealing for
all samples, caused by a lowering of the surface defect con-
centration due to H diffusion, as described above. Similar

T T
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0 e X
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£ | LH‘“ A
[0) L & NN
5 \ q BN
g o
QL \
r
g SIN_(A) exp. A
kst ) .
uq=> —e—Sle(A) sim.
w — — —SiN_(B) exp.
1 | |— > —SiN (B) sim. ]
,,,,, SiOxNy/SiNX exp.
,,A,fsiOxNy/SiNx sim.
10" 1014 10'% 106

Minority carrier concentration (cm'3)

FIG. 2. Effective lifetime as a function of minority carrier concentration
obtained by QSSPC measurements after annealing. The simulated data give
a remarkably good agreement with the measured curves for each sample.
The filled circles mark the calibration point used for each sample.
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TABLE II. Simulation fitting parameters for 2D simulation with Cogenda
Genius TCAD.

S(),, S()p Qf;() S‘,ﬂ' at An = 1014 ClTl_3
Sample (cm/s) (cm/s) (em™) (cm/s)
SiN,(A) 1.7x10* 32x10*° 2.7x10" 5.9
SiN,(B) 6.0x10° 55x10° 3.5x10'" 45
SiN,O,/SiN, 6.0x10*> 14x10° 1.15x10" 13

improvements over the conventional SiNx layers have recently
also been found by other groups.* The lifetimes of all the
samples are highly injection dependent, and the simulations
show a very good fit with the experimental data. The best fit
parameters for the simulation model, which were also used for
the PL-V simulations in Fig. 4, are given in Table II. Only at
higher injection levels, the simulations deviate slightly. At
these injection levels, Auger recombination begins to contrib-
ute to the effective lifetime. Thus, the parametrization of
Auger in the simulations can affect the shape of the curve.'®
Furthermore, it must be noted that the simulation structure has
not implemented a damaged layer at the interfaces' and that
the surface recombination model is based on SRH for a
mid-gap single level defect. The simplification of the simula-
tion model can also affect the shape of the curves.

Figure 3 shows the measured Oy values as well as the
effect of subsequent soaking voltage on all the samples.
Note that the Qy values before charging correspond well
with the best-fit Oy values used to simulate the lifetime
data (Table II). Generally, the Qr in the current samples
prior to charging is lower than most values published in the
literature on SiNy for solar cell applications, indicating that
charge increasing techniques might be necessary. For the
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FIG. 3. (a) Fixed charge density as a function of soaking voltage (C-V mea-
surements). Inset: C-V curves from sample SiN4(A), displaying the shift in
flat band voltage caused by increasingly negative soaking bias. (b) Change
in lifetime as a function of soaking voltage (PL measurements).
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SiN,O,/SiNy stack, we find a Oy in the same range as what
was found in Ref. 8 (1.09 — 1.72 x 10'?). In Ref. 6, the
minimum Qr was assumed to be much higher (>10" cm™?),
but the value was only based on the lack of a flat band signa-
ture in the CV curve and is thus not taken as a relevant com-
parison here.

The inset in Fig. 3(a) shows the shift in the C-V curves
for SiNy(A) with increasing soaking voltage, resulting in a
clear shift of the curve toward more negative voltage, indicat-
ing increased fixed charge density. Both SiN,(A) and SiN,(B)
were readily charged, achieving fixed charge densities close
to or above 1x 10" cm™2. The SiN,O,/SiNy layer, on the
other hand, only retained charge after the initial soaking at
—15 V. Thereafter, the fixed charge density leveled out before
stabilizing to a slightly decreased level from —35V. Seiffe
et al.® observed a Oy value for the reference SiNy layer of
4.1 x 102 cm? after voltage soaking at —10V; in compari-
son, a soaking voltage of —30V and —40V was needed to
obtain the same Qy in the SiNy layers studied here, which
may partly be caused by a higher film thickness.

For SiN,(B) in Fig. 3(b), there is a sharp initial increase
in the effective lifetime from —10V before a stabilization at
—30V. The maximum change in the effective lifetime is
approximately 20%.

It should be noted that the lifetime curves stabilize
before the Q; curves, indicating that increased fixed charge
will only increase the effective lifetime up to a certain point.
The electrodes used for charging the surface layers on the
lifetime samples are ~36 times larger area the typical C-V
electrodes and are therefore much more prone to current leak-
ages through pinholes. Many attempts were made to obtain
data on the lifetime improvements of SiNx(A), but this was
regrettably not possible as this layer seems to be more prone
to leakage.

Figure 4 shows the effective lifetime as a function of
voltage measured by PL-V together with the simulated
results. All three samples reveal the same trend: The effective
lifetime decreases as a small negative voltage is applied, as
the native positive fixed charge is compensated by the exter-
nal bias. With further increase in negative voltage, the life-
time reaches a minimum level (depletion) before it increases

SiNX(A) exp.
—e—SiNX(A)sIm‘
- 7SiNX(B)exp.
— % — SiOXNy/SiNX exp.
_____ SiO N /SiN_ exp.
Xy S
,,A,fsuoxNy/smx sim.

Effective lifetime (ms)

-8 6 -4 2 0 2 4
Voltage (V)

FIG. 4. Effective lifetime as a function of voltage with the PL-V method for
experiment and simulation.
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as the sample reaches accumulation. With increasing positive
voltage, the lifetime increases as the surface is pushed further
into inversion. The PL-V curves are slightly asymmetrical
about the minimum level, with the higher lifetime in the
inversion state for the nitrides and in the accumulation state
for the oxynitride stack. At zero bias, SiNyO,/SiN, was
already close to maximum lifetime, indicating that charging
the film has little effect on improving SRV. For SiN,(A) and
SiN,(B), the effect was somewhat more pronounced, indicat-
ing that increasing the fixed charge in these samples does
have an effect on improving the effective SRV. This is con-
sistent with the soaking experiments and also with the find-
ings in the work by Bazilchuk er al.* It should be noted that
the PL-V curve for SiN,(A) was recorded using a higher flux
than for the other two samples, and therefore appear lower in
effective lifetime relative to the other curves.

As described above, there is currently a large research
effort conducted to demonstrate PQEDs as a new primary
standard for detection of light. This could in turn be used to
determine the ratio of the natural constants e/4 with improved
accuracy (error of <1 ppm). Current PQED detectors have
been demonstrated with an internal quantum deficiency
(IQD) of <100 ppm. To achieve a sufficiently high degree
of detection accuracy, an improved PQED detector must
achieve an IQD below ~10ppm or preferably below
~1 ppm. Device simulations on photodetector performance
were performed based on the fitted parameters in Table II for
SiN(B) and SiN;O,/SiNy. The effect of soaking voltage was
achieved by varying the fixed charge density. Figure 5 shows
the resulting simulated internal quantum deficiency (IQD) as
a function of wavelength. The illumination is implemented
with an absorbed optical power around 100 uW and an area
of 3x3 mm? in a real device. The model clearly predicts a
lowering of IQD with increasing charge density and internal
losses well below 1 ppm for certain wavelengths for both the
nitride monolayer and the oxynitride stack. We therefore con-
clude that currently both the SiN,O,/SiN, stack and the SiNx
monolayer after the application of charge increasing tech-
niques could be suitable for highly accurate PQED detectors.
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FIG. 5. Simulated internal quantum deficiency as a function of wavelength
based on fitting parameters for SiN,(B) and SiN,O,/SiN,. The simulations
show that IQD decreases as the fixed charge density increases.
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Further improvements in passivation quality and increased
fixed charge density will, however, be beneficial to improve
the detector performance over a wider range of wavelengths.

IV. SUMMARY

We have investigated three different passivating films for
use in potential PQEDs: two monolayer films of SiN, with
different compositions and one double-layer stack of SiN,O,
capped with SiN,. All films exhibit very good passivation
properties after deposition and annealing, with the oxynitride
stack providing the best passivation, resulting in an effective
lifetime close to 20 ms. Minority carrier lifetime measure-
ments as a function of injection level and varying surface
potential can be well described by a TCAD simulation
model, providing a detailed description of the surface band
bending and recombination properties, which is in good
agreement with C-V measurements. Based on the passivation
properties alone, photodetector device simulations predict
that a photodiode made with this passivation layer would
have an IQD well below 1ppm for certain wavelengths at
room temperature. However, the oxynitride stack may be
limited by absorption, as indicated by the value of the extinc-
tion coefficient, and this needs to be investigated further. The
nitrides have much lower estimated absorption coefficients,
and device simulations show that the most promising nitride
also has the possibility to generate photodiodes with an IQD
below 1 ppm after increasing the fixed charge in the layer.

The excellent passivating properties and low estimated
IQDs make the oxynitride stack and the nitride monolayers
good candidates as passivating layers in a new type of self-
induced photodiodes.
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