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Abstract
We determine experimentally the internal quantum efficiency of a 3-element trap detector made
of Hamamatsu S1337 photodiodes and of a predictable quantum efficient detector (PQED) over
the wavelength range of 250–500 nm using an electrically calibrated pyroelectric radiometer as
reference detector. The PQED is made of specially designed induced junction photodiodes,
whose charge-carrier recombination losses are minimized. The determined internal quantum
efficiency of PQED is always 1 or larger, whereas the 3-element trap detector has internal
quantum efficiency smaller than 1 in the spectral range of 330–450 nm. This finding
demonstrates the advantages of PQED photodiodes for studying the quantum yield due to
impact ionization by charge carriers in the silicon lattice. For this purpose, we develop an
extrapolation model for the charge-carrier recombination losses of the PQED, which allows us
to separate the quantum yield from the measured internal quantum efficiency. Measurements of
PQED spectral responsivity thus allow to determine the quantum yield in silicon, which can be
further used for quantifying the charge-carrier recombination losses in the 3-element trap
detector. Numerical values of the latter are from 6% to 2% in the spectral range from 250 nm to
380 nm. Finally, our results are encouraging for the aim of developing the PQED to a primary
detector standard also at ultraviolet wavelengths.

Keywords: silicon photodiode, induced junction, quantum yield, recombination losses,
ultraviolet responsivity, predictable quantum efficient detector

(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon photodiodes are widely used to measure optical
power in both research work and applications. The ultraviolet
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(UV) wavelength range is demanding for accurate optical
power measurements because of lack of convenient reference
detectors to be used as working standards. An often used
working standard at National Metrology Institutes is the 3-
element trap detector constructed of commercially available
Hamamatsu photodiodes [1–4]. However, the responsivity of
those detectors shows significant temporal aging, especially at
UV wavelengths [4, 5]. Another alternative is the predictable
quantum efficient detector (PQED), whose properties at UV
have not yet been much tested, but which has shown excellent
performance even as a primary standard at visible wavelengths
[6–10].
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The properties of the 3-element trap detector and PQED can
be characterized relative to an ideal quantum detector which
converts each incident photon to a measurable signal. For a
silicon photodiode this means that an ideal quantum detector
converts each absorbed photon to exactly one electron-hole
pair to produce photocurrent in an external circuit. Such fea-
ture leads to a simple expression for the ideal spectral respons-
ivity R0(λ) = eλ/hc in units of A/W as a function of vacuum
wavelength λ, where e, h and c are fundamental constants. For
the spectral responsivity of a real silicon detector, correction
factors can be written in the form

R(λ) = R0 (λ)(1− ρ(λ))(1− δ (λ))(1+ g(λ)) , (1)

where parameters ρ(λ) and δ(λ) describe the losses by spectral
reflectance and recombination of charge carriers, respectively,
and 1 + g(λ) is the quantum yield, which may produce more
than one electron-hole pair per absorbed photon. In general,
numerical values of ρ(λ) and δ(λ) can be small for trap detect-
ors and for good quality photodiodes even at UV wavelengths,
whereas it is known that quantum yield can reach values much
above 1 for vacuum UV [11]: high energy photons can pro-
duce electron-hole pairs which have sufficient energy to pro-
duce secondary charge carriers via impact ionization. It is of
interest to study theoretically the asymptotic form of 1+ g(λ)
at low photon energies as presented in [12].

The responsivity ratio R(λ)/R0(λ), which is equal to the
product of the three factors in parentheses in equation (1),
is called external quantum efficiency of the detector. In the
internal quantum efficiency,

ηi (λ) = (1− δ (λ))(1+ g(λ)) , (2)

the effect of detector reflectance is corrected from the respons-
ivity ratio.

In measurements of single photodiodes accurate determ-
ination of responsivity is complicated because of significant
reflectance losses, which can be more than 50% at UV with
a strong dependence on the angle of incidence [13]. In a trap
detector, the specularly reflected component from a photodi-
ode is collected by another photodiode of the detector reducing
the reflectance correction ρ(λ) of equation (1). Recombination
losses of equation (1) can be traced indirectly by compar-
ison of responsivity against cryogenic radiometer [14–16] or
directly by exploitation of simulation models based on fun-
damental photodiode parameters and auxiliary measurements
[10, 17, 18]. In the visible wavelength range quantum yield
is often neglected which allows determination of recombin-
ation losses from the responsivity measured by cryogenic
radiometer and reflectance of the detector [19]. However,
for the UV range separation of the components of internal
quantum efficiency ηi(λ) to recombination losses and quantum
yield is difficult without additional information.

In this paper, we determine experimentally the internal
quantum efficiency ηi(λ) of a 3-element trap detector and of
PQED over the wavelength range of 250–550 nm using an

electrically calibrated pyroelectric radiometer (ECPR) as ref-
erence detector. A significant finding is that ηi(λ) of PQED
is always 1 or larger, whereas for 3-element trap detector
ηi(λ) < 1 at wavelengths around 370 nm. The charge-
carrier recombination losses in the 3-element trap detector
dominate over quantum yield, in contrast to results of the
PQED. Furthermore, we present an extrapolation model for
the charge-carrier recombination losses of the PQED, which
allows us to separate the quantum yield from measured
internal quantum efficiency. It is concluded that measure-
ments of PQED spectral responsivity give access to quantitat-
ively determine the quantum yield in silicon lattice caused by
impact ionization at most of UV and short visible wavelengths.
Comparison with the results of a theoretical calculation of
quantum yield is encouraging for the aim of developing the
PQED to a primary detector standard also at UV wavelengths.

2. Detectors under test

Figure 1 describes the silicon photodetectors used in this
study. The 3-element trap detector is made of windowless
Hamamatsu S1337 silicon photodiodes of 10 mm × 10 mm
active area. The planes of incidence of each photodiode are
perpendicular to each other which makes the responsivity of
the detector independent on the polarization state of incid-
ent radiation. The PQED is based on two induced-junction
silicon photodiodes of active area 22 mm × 11 mm in a
wedge trap configuration. Several specular reflections take
place after which a small fraction of incident light escapes
via the entrance aperture. The PQED is sensitive to the polar-
ization of incident light, but this is not a serious limitation
because the most accurate spectral responsivity measurements
are in any case carried out with plane polarized collimated
laser beams. There is a thin SiO2 layer on the surface of both
Hamamatsu and PQED photodiodes. In the former case the
thickness is about 30 nm [13]. For the PQED, the SiO2 layer
thickness is 300 nm on the first photodiode and 200 nm on the
second photodiode [6].

Measured and calculated reflectances of single photodiodes
[13] and trap detectors [6, 8] are generally in good agreement.
Above 300 nm wavelength, the agreement is within 1% of the
reflectance value [13]. Thus, for this work it is sufficient to
use detector reflectances calculated on the basis of geometry
(figure 1) and (complex) refractive indices of SiO2 [20], of
undoped silicon [21] for PQED, and of doped silicon [22] for
Hamamatsu photodiodes, used also in [13]. Results of the cal-
culations are shown in figure 2. If the refractive indices of [21]
would be used instead of [22] for the 3-element trap detector,
the reflectance losses would increase by 0.002–0.003 in the
range 260–295 nm, and much less at other wavelengths. For
PQED, reflectance losses are below 0.01% inmid visible range
and stay below 0.5% down to 320 nm wavelength, while for
the 3-element trap detector the reflectance losses are between
0.5% and 3% in the whole spectral range above 320 nm. Both
types of detectors have a reflectance peak at 370 nm, whereas
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Figure 1. Schematic structure of 3-element trap detector (left) and 2-element PQED with seven reflections (right). The five reflections of
3-element trap detector are usually arranged in three dimensions so that the responsivity becomes independent on the polarization state of
incident light, whereas the responsivity of PQED is sensitive to polarization.

Figure 2. Calculated reflectance losses of polarization insensitive
3-element trap detector (green dotted line) and of PQED with p
polarized (blue line) and s polarized (orange line) incident light. The
continuous purple line shows simulated charge-carrier
recombination losses in PQED photodiodes from [10] and the
dashed purple line indicates an extrapolation of the recombination
losses, based on the penetration depth of UV and visible light in
silicon.

the peaks at shorter wavelengths are at 275 nm and at 285 nm
for the 3-element trap detector and PQED, respectively. This
difference is caused by different SiO2 layer thicknesses.

Figure 2 also shows charge-carrier recombination losses
of PQED photodiodes in the spectral range from 400 nm to
550 nm, calculated by a 3D simulation model [10]. The con-
tribution by surface recombination dominates in this spectral
range as compared with bulk recombination losses. Surface
effects become more dominant at short wavelengths because

the penetration depth in silicon is about 1000 nm, 100 nm and
10 nm at the wavelengths of 500 nm, 400 nm and 360 nm,
respectively [21]. The surface recombination losses increase
by an order of magnitude when the wavelength changes from
500 nm to 400 nm when also the penetration depth changes by
an order of magnitude. In the extrapolated curve of figure 2,
recombination losses and penetration depth change by another
order of magnitude from 400 nm to 360 nm. At even shorter
wavelengths, the penetration depth stays constant within a
factor of two between 360 nm and 250 nm, which leads to
a conclusion on similar weak wavelength dependence also for
the extrapolated charge-carrier losses in this spectral range.

The true charge-carrier recombination losses at UV
wavelengths may deviate by a factor of two from the extra-
polated values in figure 2. Nevertheless, the recombination
losses of PQED photodiodes stay much below the level of 1%
and also much below the reflectance losses of PQED for most
of the UV wavelengths. The situation is completely different
with the Hamamatsu photodiodes used for the 3-element trap
detector. Their charge-carrier recombination losses are expec-
ted to be of the order of 1% at UV wavelengths, but there is no
theoretical description available for a more accurate estimate.
Moreover, stability studies of silicon photodiodes indicate that
the mechanisms for charge-carrier recombination losses may
be different in Hamamatsu photodiodes and in PQED photo-
diodes at short visible and UV wavelengths [5].

3. Measurement setup

The measurement setup (figure 3) consists of a xenon lamp,
monochromator, broadband wire-grid polarizer for producing
light with different polarization states, half-wave plate, para-
bolic mirror to image the exit slit of the monochromator
on the radiometers, monitor detector, and reference ECPR
LaserProbe Rs-5900. Our results of CCPR-K2.c key compar-
ison indicate that the spectral flatness of the responsivity of

3
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Figure 3. Measurement setup.

ECPR is within 0.5% in the range 250–400 nm [23]. The
detectors under test are PQED and 3-element trap detector
made of Hamamatsu photodiodes. A reverse bias voltage of
5Vwas usedwith the PQED,while the 3-element trap detector
was used unbiased. As the Brewster window was not used
with PQED, dry nitrogen gas flow through the PQED was
used to protect the PQED photodiodes from contamination by
particles in the normal laboratory air [24].

Comparison responsivity measurements were carried out
with ECPR against PQED and trap detector over the spec-
tral range of 250–550 nm. The software executed the compar-
ison measurement in such a way that first the measurement
wavelength was selected and then the moving stage was suc-
cessively changed to a position for recording the signal either
from the ECPR, PQED, or 3-element trap detector. Signal
from the monitor detector was used to correct for intensity
drifts of the light source. The software repeated the measure-
ment of each detector signal several times at each wavelength
to reduce noise by averaging.

4. Internal quantum efficiency

Photocurrent signal from the test detectors was divided by the
optical power obtained from the ECPR, to determine themeas-
ured spectral responsivity R(λ) of equation (1). Results are
shown in figure 4 for the 3-element trap detector and PQED,
where the expanded measurement uncertainty is approxim-
ately 1% between 275 nm and 550 nm while it is somewhat
larger below 275 nm because of low signal level of ECPR. It
is seen that the responsivity of PQED is larger than that of the
3-element trap detector. As compared with the responsivity of

ideal quantum detector, PQED responsivity values are, on the
average, on the straight line or above it, whereas the respons-
ivity of the 3-element trap detector is below the ideal respons-
ivity at short visible wavelengths. At short UV wavelengths
the measured spectral responsivity of both detectors is mostly
above the ideal responsivity because of increased quantum
yield. The responsivity of PQED for s-polarized light is lower
than for p-polarized light at wavelengths from 250 nm to
310 nm, because reflectance of the former is larger in that spec-
tral range as seen in figure 2.

The ratio of measured and ideal responsivity can be used
for determination of the internal quantum efficiency by cor-
recting for the effect of detector reflectance, factor 1 − ρ(λ)
from equation (1) and figure 2. Figure 5 shows the results
for the internal quantum efficiency ηi(λ) of the 3-element
trap detector and PQED. It should be noted that the values
of ηi(λ) of PQED are approximately the same for the dif-
ferent polarization states of incident radiation, as it should
be. Enhanced ηi(λ) values are observed around 285 nm and
370 nmwavelengths, especially in the PQED data. The peak at
370 nm corresponds to direct transition at Γ point of Brillouin
zone [25] and is detectable for PQED but not for the trap
because the contribution of recombination loss is larger than
that of quantum yield around 370 nm. The peak at 285 nm
due to direct bandgap transition in silicon at X point [25] is
observable for both detectors.

The extrapolated charge-carrier recombination loss δ(λ) in
figure 2 and its uncertainty are sufficiently small for PQED so
that the quantum yield 1 + g(λ) can be extracted from ηi(λ)
after division by 1 − δ(λ). The result is shown in figure 6,
which also depicts a theoretical prediction for the quantum
yield with [12]
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Figure 4. Measured responsivity of 3-element polarization
insensitive trap detector and of PQED with p-polarized (black
crosses) and s-polarized (red dots) incident light. Straight black line
indicates the ideal responsivity of a quantum detector, where each
incident photon is converted to exactly one electron-hole pair.

Figure 5. Measured internal quantum efficiency of 3-element
polarization insensitive trap detector and of PQED with p-polarized
(black crosses) and s-polarized (red dots) incident light.

g(λ) =

[
1+A1

(
hc
λ

−Eg −Eph −∆E

)1/2/

×
(
hc
λ

− 2Eg −∆E

)7/2
]−1

(3)

Figure 6. Measured quantum yield of PQED with p-polarized
(black crosses) and s-polarized (red dots) incident light. Solid line is
calculated by equation (3) with ∆E = 0 for λ < 300 nm (blue) and
∆E = 0.25 eV for λ > 360 nm (green). Blue dotted line represents
the transition from ∆E = 0 to ∆E = 0.25 eV.

where A1 = 105A/(2π ) = 86.9 eV3 is the constant derived
in [26], Eg = 1.12 eV is the indirect energy gap in silicon at
room temperature, Eph = 0.063 eV is the energy of optical
phonon in silicon [27] and ∆E is an energy shift, which is
zero below 300 nm wavelength and 0.25 eV above 360 nm.
In the wavelength range of 300–360 nm, there is a shift of the
value of ∆E from 0 eV to 0.25 eV. The relative deviation of
g(λ) between calculated and measured results is small, except
for the peaks of enhanced impact ionization at 285 nm and
370 nm. Accounting for these peaks calls for an improved cal-
culation of the quantum yield considering the detailed energy
band structure in silicon lattice.

Several simplifying assumptions were made in deriving
equation (3) [12, 26, 28]. Electrons and holes taking part in
impact ionization are described by the density of states of free
particles and they are assumed to contribute equally. In addi-
tion, all available energy is assumed to be taken either by the
electron or the hole and the considered energy dissipation pro-
cesses are electron-hole pair creation and emission of optical
phonons. Finally, at wavelengths longer than 360 nm the above
impact ionization processes appear to have reduced efficiency
which can be described by the energy shift ∆E = 0.25 eV in
equation (3) [12, 29].

Based on above assumptions, it is concluded that in the
spectral ranges where the quantum yield of PQED photodi-
odes, with very low impurity concentration, is sufficiently
described by equation (3), the measured quantum yield of
PQED also applies to Hamamatsu photodiodes which have
much higher impurity doping level. In photodiodes with
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Figure 7. Estimated charge-carrier recombination losses in the
Hamamatsu photodiodes of the 3-element trap detector (blue dots).
Data points at the range of 280–295 nm are not used for calculation
of recombination losses because of insufficient quantum yield
estimate. The trendline follows the data within deviations of 0.01,
corresponding to the relative expanded measurement uncertainty of
1% in spectral responsivity. For comparison, also
simulated/extrapolated charge-carrier recombination losses in the
PQED photodiodes from figure 2 are shown.

impurity doping, the added atoms are mostly substituting sil-
icon atoms in the crystal lattice. Even at a heavy doping level
of 1019 cm−3, there are 5000 silicon atoms for each impurity
atom. After photon absorption, most charge carriers are thus
created in an environment of a regular silicon crystal lattice,
suggesting that the impact ionization capabilities of the charge
carriers are similar in undoped and heavily doped lattices up
to 1019 cm−3.

For the Hamamatsu photodiodes a reliable estimate of
charge-carrier recombination losses is not available at UV
wavelengths and thus a similar quantum yield estimate as
for PQED photodiodes cannot be made. Instead, the quantum
yield obtained from PQED photodiodes can be used to estim-
ate the charge-carrier recombination losses of Hamamatsu
photodiodes by dividing ηi(λ) of the 3-element trap detector of
figure 5 with the experimental quantum yield of figure 6. The
outcome is shown in figure 7, where the data points at the range
of 280–295 nm are excluded from calculation of the recombin-
ation loss of the trap detector, because at these wavelengths the
difference of quantum yield of PQED and Hamamatsu photo-
diodes can be up to 0.03, as seen from the difference of peak
heights in figure 5. For the other peak at 370 nm, the data
can be included in the analysis because the relative quantum
yield correction to internal quantum efficiency is much smal-
ler than at 285 nm. A continuous trendline has been included
in figure 7 as a guide to the eye, without any connection to
physical recombination loss models.

The charge-carrier recombination losses in the Hamamatsu
photodiodes at the UV wavelengths are between 2% and 6%

and thus much larger than those of the PQED photodiodes
(figure 7). Induced junction photodiodes have very low impur-
ity concentration unlike conventional p-n junction photodi-
odes which enhances bulk recombination and measured losses
of the 3-element trap detector as compared to the PQED. There
is only weak dependence of the recombination losses on the
wavelength, in agreement with the extrapolation made for the
PQED photodiodes. Furthermore, there are no residual fea-
tures of the peaks in the reflectance curve in the recombination
losses, which indicates that the reflectance and quantum yield
corrections have worked well.

5. Conclusions

We have measured spectral responsivities of induced junc-
tion photodiodes of PQED and Hamamatsu photodiodes of 3-
element trap detector against ECPR to determine the internal
quantum efficiency of the photodiodes in the UV spectral
range. There is a fundamental difference in the charge-carrier
recombination losses of these two types of photodiodes, which
allowed the quantum yield to be determined only for the
induced junction photodiodes. Our calculated result for the
quantum yield has very good agreement with results of PQED
measurements at wavelengths where direct bandgap trans-
itions in silicon do not affect impact ionization rate and,
thus, quantum gain. Hamamatsu photodiodes were assumed
to have the same quantum yield as PQED photodiodes. This
allowed to determine the charge-carrier recombination losses
of Hamamatsu photodiodes from their experimentally determ-
ined internal quantum efficiency for most of the studied spec-
tral range.

Responsivity measurements of room-temperature PQED
relative to absolute cryogenic radiometers in the wavelength
range from 476 nm to 800 nm indicate that PQED can be
used as a primary standard of optical power with a relative
expanded uncertainty of about 0.01% [5, 7]. Even lower uncer-
tainties can be achieved in that spectral range with the help
of auxiliary relative measurements and advanced simulations
of the charge-carrier recombination losses [10]. Operation
and maintenance of a set of PQEDs is much easier than the
use of cryogenic radiometers. It would thus be highly prefer-
able that PQED could be exploited as a primary standard for
optical power measurements over the whole spectral range
of silicon photodetectors. Our results provide a major step
towards that direction by validating a general dependence of
internal quantum efficiency and quantum yield in silicon at UV
wavelengths.
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