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ABSTRACT

The temperature dependence of photodiodes' quantum efficiency for different processes (deep diffused and ion
implanted) and resistivities (10 and 100 £2.cm) were measured. To better predict their behaviour, a comparison was
made with a simple uni-dimensional p-n junction model. This includes band-gap, depletion region width, diffusion
constants, mobilities, intrinsic carrier concentration, absorption coefficient and refractive index temperature
functions. The surface recombination length of the minority carriers and the concentration of recombination centers
were fitted to the experimental data.

1 INTRODUCTION

An instrument dedicated to the detection of solar oscillations is being built in ESTEC for the Variability of solar
IRradiance and Gravity Oscillations (VIRGO) experlment1 VIRGO is to be flown on the ESA/NASA SOlar and
Heliospheric Observatory (SOHO) spacecraft?. A subunit of this instrument Called the Luminosity Oscillations
Imager is specifically designed to detect low frequency solar intensity fluctuationsS; periods and amplitudes are of
the order of one hour and a few parts per million, and therefore require stable instrumentation. The solar light is
analysed with a 5-nm passband filter centered at 500 nm , and detected by a silicon diode array which has 16 pixels.

To simplify the instrumentation, it was chosen not to control the temperature of the detector. This passive control is
possible because the distance to the Sun and the solar aspect angle of the SOHO satellite does not vary much during
the mission?; ; temperature variations should be at the most 1 K. Since the instrument detects solar intensity
fluctuations, it is extremely important to have a silicon photodiode with a quantum efficiency as insensitive as
possible to temperature fluctuations. In order to find such a photodiode, we planned to obtain different types of
silicon photodiodes and to measure the temperature dependence of their quantum efficiency (TDQ).

We will first describe the silicon detector and the different fabrication processes. We will then expose the
experimental set-up, and then its associated results. We will finally interpret the data with a model we developed.
We will discuss how to improve the model and what can be the applications of silicon detectors with a low TDQ. We
will finally conclude by summarizing the most important points of this study.

2 DETECTOR DESCRIPTION

Four processes were used: Deep diffused and ion implanted, each with two resistivities: 10 Ohm.cm and 100
Ohm.cm. We were supplied, for each process, with 2 detectors without a window. In total, 8 detectors made by the
Norwegian company AME were tested. Each detector is made up of 16 pixels (Fig 1). There are 12 pixels dedicated
to the scientific signals and 4 pixels for the guiding. This optimum configuration is derived from the need to detect
low degree solar oscillations while also providing a signal to accurately position the Sun's image on the detector?, In
addition, there are four blackened diodes which are used as temperature sensors of the substrate. They also give an
indication of the temperature gradients on the detector. They will eventually be used in flight to remove the
temperature effects on the detected signals.

1 Presented at the Physics and Simulation of Optoelectronic Devices, SPIE Conf. 1679, New Jersey, March 1992



Figure 1: Detector optimized for detection of low degree
solar oscillations. The four guiding pixels are 90° sectors
of an annulus. They are aligned with the solar rotation
axis and equator; they all have the same surface. Their
inner radius is 5.8 mm and the outer radius is 6.4 mm.
The parameter a is half the solar radius (a=3.055 mm).
The four black spots at the corners are the temperature
diodes. The North-South (N-S) pixels are the 4 ones at
the top and bottom. The East-West (E-W) pixels are the 4
ones at the left and right. The Central (C) pixels are the 4
ones in the center

3 MEASUREMENTS

The quantum efficiency of the detectors was derived, at a given temperature, by measurmg the response of the
photodiodes for different light fluxes, i.e. the current (A) as a function of the light flux (W/cm 2). The response is
calibrated in terms of number of electrons generated per number of photons incident on the detector. The TDQ is
then obtained by varying the temperature of the detector.
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The optical set-up is shown on Fig. 2. It consists of an Oriel Xenon lamp giving a collimated beam with a condenser.
The beam shines through an infrared blocking water filter cooled by running water, and then through a 40-nm
passband filter; there are 7 filters covering the wavelengths from 0.4 umto 0.7 ymby steps of 0.05 ym. A field lens
located at the filter images the lamp onto a neutral density filter. The neutral density filters are located in 2 filter
wheels which allow the selection of 7 densities ranging from 0 to 3 by steps of 05. An other field lens located close to
the filter wheel (and the lamp image) images the filter onto the detector to be tested; the size of the image is about 30
mm in diameter. The inhomogeneities of the image flux, integrated over a pixel, are about 3% p-p. Lamp
fluctuations are of the order of 1% p-p. Inhomogeneities fluctuations are about 01% p-p. The filter is also imaged
onto an Ealing reference radiometer. This radiometer has a calibration traceable to the NBS, and its spectral response
is almost flat from 400 nm to 1000 nm; light flux can be as high as 1 mW/cm? at 500 nm with a 40-nm passband filter.

The radiometer has an effective surface area of 38 mm? and samples the 4 central pixels of the detector. This latter is
mounted on a Peltier cooler which can change its temperature from 5 °C to 45 °C. The temperature of the substrate is



measured with the four temperature diodes which were previously calibrated for all the detectors. Not shown on
Fig. 2 is the purging with dry air of the box containing the detector, which had to be done in order to prevent water
condensation on the detector during cooling. The radiometer is at room temperature which is controlled by an air
conditioner; fluctuations could be up to 0.5 K p-p during a single test. This effect could account for a maximum 1%
systematic error in the measurement of the TDQ. The detectors can be exchanged without modifying the optical
path.
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The electronic set-up is given in Fig. 3. All the pixels of the detector under test are connected to a scanner which
enables us to measure the pixels one by one, grounding the others in order to reduce current injection from
neighbouring pixels. The output of the scanner is connected to an amplifier which converts the photocurrent into a
voltage which is then measured by a high precision Digital Voltmeter (DVM). The radiometer is permanently
connected to the same type of amplifier whose output is sampled by the same type of precision voltmeter. All the
instruments are controlled by a PC either via GPIB or dedicated I/O cards, allowing a fully automated measuring
sequence. The programme scans all the pixels sequentially for the different light fluxes and temperatures.
Calibration errors due to lamp fluctuations were reduced to 0.1% p-p by averaging 10 measurements and
synchronising the pixel and reference readings.
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The data reduction was performed as follows: for each pixel of a detector, and at a given temperature, we fit a first
order polynomial to the response curve; there is no need to fit a second order polynomial because photodiodes are
highly linear devices. We used a weighted least square analysis because the relatlve error bars on the current of a
pixel are proportional to the lamp fluctuations. The slope of the fit, in A/(W/cm?), is then converted to the quantum
efficiency by cahbratmg the o gtlcal path w1th the reference detector, and by using the measured surface of the pixel
(which is 8.63 mm?, 7.24 mm? or 8.29 mm? respectively for the N-S, E-W and C pixels). The absolute calibration is
accurate within +5% and is mainly due to the error made in calibrating the optical path; reproducibility of this
calibration is also within £5%. For all the pixels but the guiding ones the quantum efficiency for the different pixels
shape agree within 1%; this means that the effective area of a pixel is very close to its physical area. The discrepancy
for the guiding pixels comes from a lack of metallization outside the sensitive area. A first order fit of the quantum
efficiency as a function of temperature was then performed. The fit is unweighted since the error bars on all
measurements are similar. The slope divided by the quantum efficiency at 0 °C gives TDQ. Figure 4 shows the
results at 500 nm for all the processes and all the pixels but the guiding ones. We deduced that TDQ is insensitive to
the pixel shape or size. The spread of TDQ is also much larger for the deep diffused process than for the ion
implanted one. For the ion implanted, TDQ seems to be insensitive to the substrate resistivity; we can expect a TDQ
not larger than 100 ppm/K with this process. To better understand the behaviour of the TDQ, we also measured its
dependence as a function of wavelength. The measurement of the quantum efficiency was performed at the same
time. As we showed in figure 4 that the TDQ is not a function of pixel shape or size, and since the measurements are
quite time consuming, only one detector per process was measured and only its four Central pixels were used.
Figure 5 shows the measured quantum efficiency for the 4 processes. The quantum efficiency is rather insensitive to
the substrate resistivity. The ion implanted process shows a much better response in the blue than the deep diffused.
Again differences are much larger for the deep diffused process than for the ion implanted; this is because the former
fabrication process is much more difficult to control; ion implantation allows to dope the p region much more
precisely.
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Figure 5: Quantum efficiency as a function of wavelength for the deep diffused (left) and ion implanted (right)
detectors. Error bars are +5%.

Figure 6 show the measured TDQ for the 4 processes. For the deep diffused, it can easily be deduced that the TDQ
becomes much worse in the blue (about 1000-2000 ppm/K), whereas it tends to be much less in the red. For the ion
implanted the TDQ has a minimum around 450-500 nm of about -100 ppm /K.
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Figure 6: Temperature dependence of the quantum efficiency as a function of wavelength for the deep diffused (left)
and ion implanted (right) detectors. Error bars are £3c.

4 MODELLING

We are considering the photodiode structure of Fig. 7. All depths are referenced to the diode's surface.

The metallurgical junction is located at x;. The front region doping is given by the acceptor atom concentration N,
the back region doping by the donor atom concentration Ng4. As light penetrates the silicon photodiode, photons get
absorbed and excite electrons from the valence band into the conduction band, effectively creating an electron hole
pair. Due to the diode effect, electrons and holes are separated. The minority carriers diffuse towards the junction
but during this process they can be absorbed by either surface recombination or bulk recombination because of their
finite lifetimes. Hence each created electron hole pair is not necessarily collected at the diode terminals. The internal
quantum efficiency of a diode is defined as the ratio between the number of collected electrons to the number of
photons incident on the actual diode®.

Figure 7: Photodiode structure. Front hv \
region is p type, back region 7 type. The Nqg N4
hatched area represents the layer of

silicon dioxide (of thickness d2) which

acts as a passivation layer and as an
anti-reflection coating.
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In establishing the theoretical internal quantum efficiency (7)), the following approximations have been made:

e each absorbed photon creates an electron-hole pair, i.e. the quantum yield is unity, and the optical

generation of carriers occurs by band to band transitions, so that electron and hole generation rates are
equal.

* auni-dimensional p-n junction model is used.
e the diode is assumed to have an abrupt doping profile and the depletion region approximation was made.
Hence the diode could be split into three regions, two quasi neutral regions (0<x<xp and x,<x<L) in



which the electric field was neglected and a depletion region (X;<X<Xp) in which no recombination of
carriers is supposed to occur due to the presence of a high electrlc field.

e the Shockley-Read single recombination level model is used”’

¢ the low injection case is assumed so as to not deviate too much from the equilibrium state. This means low
illumination level.

* non-degenerate semiconductors are used

The quantum efficiency () can be calculated as the product of the internal quantum efficiency (1) by the
transmission coefficient (7) of the air-5iO,-Si interface, respectively given in sections 8.1 and 8.2. All the parameters,
such as the absorption coefficient ¢, the diffusion lengths, the depletion region width, the bandgap energy and the
refractive index of silicon appearing in the analytical expression of () are given with their temperature dependence in
the appendix 8.

5 INTERPRETATION OF DATA AND DISCUSSION

In the model described in sectlon 4, the impurity concentrations Ny (= 1018 Cm'3) Ng (=5 1013 cm™ for the 100
Ohm.cm substrates and 5 1014 cm™ for the 10 Ohm.cm substrates), the junction depth Xj (=4.5 um for the deep
diffused, 0.15 um for the ion implanted 100 Ohm.cm and 0.13 um for the ion implanted 10 Ohm cm prototypes) as
well as the oxide layer thickness d, (=90 nm) were specified by AME, the other parameters were unknown. The
concentration of recombination centers N, (giving the diffusion length L) and the surface recombination velocity s,
or equivalently, recombination length Lg, were used to fit the theoretical curves to the measured data. Figure 8
compares the measured quantum efficiency to our theory.
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Figure 8: Measured and fitted quantum efficiency as a function of wavelength for the deep diffused (left) and ion
implanted (right) detectors. Error bars are +5%.

The optimum value for N, was 4.0 1013 £ 2.5 1012 cm3 for the deep diffused process and 1.4 107+ 7.8 1015 cm™3 for
the ion implanted. As can be seen on these curves, it was rather difficult to simulate the rapid decrease of Q in the
blue. This might be due to a problem in the modelling of the absorption coefficient, more specifically in the threshold
energies of the various absorption processes. Indeed, a second indirect absorption mechanism comes into play for
wavelengths shorter than 500nm (Rajkanan® specifies a threshold energy for this mechanism of +2.5¢V) and around
400nm the absorption coefficient rises rapidly because of a direct absorption (threshold energy: £3.2eV). Although
figure 8 shows a systematic under-estimation of Q by 5%, which is probably due to an absolute calibration error in
our measurements, the fit for the ion implant process seems to work better than for the diffusion process. The most
probable reason for this is that the front region for the ion implant process is much narrower (0.15 um) than for the
deep diffused one (4.5 um). Hence, in the former case the depletion region plays a major role in the absorption of
light. For the latter, the front region is more important and the model for this region seems to be inaccurate. Indeed,
because of the doping gradient within this zone (as compared to our assumption of an abrupt doping profile), an



electric field will be present and enhance the quantum efficiency. Our model tries to compensate for this error by
using a larger diffusion length in the p region. We have also used a model which incorporates an average electric
field in the front region” and although this seemed to work a bit better, it was still not very satisfying. The only
solution to this problem would be to use a finite element programme and include a more realistic doping profile.
From our results, we could see that the surface recombination velocity had only a small influence on the quantum
efficiency and it was the concentration of recombination centers N, which played a major role in the fits.

The same type of fits were performed for the TDQ. The results are summarized in figures 9 and 10. For all the fits L
was taken to be very large Variations with temperature of the silicon complex index of refraction n3+ik3 were taken
from tabulated datal® and included in the evaluation of the transmlsslon coeff1c1ent T. For the deeF dlffused process,
the best agreements were obtained with an Ny of 8.0 1013 + 1.5 1012 cm™ and 1.1 101® + 3.2 10™ ¢m™3 for the 100
Ohm.cm and 10 Ohm.cm substrates respectively. For the 10 Ohm.cm substrates, a reasonable fit was only possible by
reducing the junction depth to 0.57 + 0.006 pm, again showing the problem we faced with the inaccurate modelling of
the front region. For the TDQ we also tried the model including an average electric field in the front region but
without success this time.
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Figure 9: Measured and fitted TDQ as a function of wavelength for the deep diffused 100 Ohm.cm (left) and deep
diffused 10 Ohm.cm (right) detectors. Error bars are £5%.
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Figure 10: Measured and fitted TDQ as a function of wavelength for the ion implanted 100 Ohm.cm (left) and ion
implanted 10 Ohm.cm (right) detectors. Error bars are £5%.



Our best achievement is with the ion implant process (figure 10). An Ny of 1.77 1016 + 4.8 1014 cm™3 and 1.9 1016 + 1.7
1015 cm™3 were obtained for the 100 Ohm.cm and 10 Ohm.cm substrates respectively. These two values are perhaps
relatively high but consistent with each other. The process of ion implantation probably creates more dislocations
and energy traps than a diffusion process. For these rather good fits, we had to change the junction depths (as given
by the manufacturer to be 0.15 and 0.13 um) into 0.44 and 0.36 um respectively. Finally the influence on TDQ of the
temperature variation of the oxide layer thickness d, the extension of the depletion region in the p zone xp and the
surface recombination length Lg were shown to be negligible.

6 CONCLUSION

We measured the quantum efficiency and the temperature dependence (TDQ) of silicon photodiodes as a function
of wavelength; the detectors were made out of 4 different processes. Quantum efficiency ranged from 0.4 to 0.9 with
a 5% precision. The TDQ ranged from -150 ppm/K to 1500 ppm/K with a precision ranging from 5 to 20 ppm/K
(1o value). We modelled the behaviour of the quantum efficiency and its TDQ by fitting two parameters: the surface
recombination length and the number of recombination centers. We showed that the surface recombination length
was not a critical parameter and that temperature dependences of the silicon dioxide layer thickness dy and the
extension of the depletion region in the p zone xp had very little influence on Q and, hence, could be neglected in
TDQ. The major contributions to TDQ came from the temperature dependences of the absorption coefficient ¢, the
diffusion length of minority carriers Ly, (especially in the front region) and the complex refractive index of silicon
n3+iks . In some cases an average electric field in the front region was also fitted. We found that the results for the
ion implanted process could be easily explained by a uni-dimensional model of an abrupt junction. The same model
did not work on the deep diffused process. It was not possible to reproduce the drop at 400 nm of the quantum
efficiency. Furthermore, to obtain the measured TDQ at this wavelength we had to introduce a higher temperature
dependence of the diffusion length of the holes which bears no relationship to the physics of the semiconductor. The
discrepancies could be reduced by using a finite element model of the photodiode, and by introducing a more
realistic doping profile. The simple model could be used, within given limits, to predict the TDQ and quantum
efficiency of CCDs used to perform high precision photometry on stars!?, Especially surface CCD's could be
modelled quite well because of the absence of a differently doped front region.
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8 APPENDIX

8.1 Internal quantum Efficiency

The total internal quantum efficiency (7)) of a photodiode can be expressed as the sum of the partial quantum
efficiencies in each of the considered regions and are given by9:
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In which 7),, N4, and 7], are respectively the contribution of the p, depletion and n regions, ¢is the absorption
coefficient of silicon (see section 8.5), L the thickness of the photodiode, L, and L the diffusion lengths of electrons
and holes respectively (see section 8.3 and 8.4) , x, and X, the depletion layer hmlts on the n and p side respectively
and Ly the surface recombination length. The diffusion length are related to the carrier lifetime 7, , and diffusion
constant Dy, , as:

Ln,p =V TnpDnp
8.1.4

Expressions of the minority carrier lifetime and diffusion constant can be found in section 8.3 and 8.4. The parameter
L is the surface recombination length and is a function of the surface recombination velocity s :

L=\ 2n

8.1.5
The parameters x, and X, (in cm) are given by:
285,'80 Ng4
Xp=Xj- Vo,-V
o 9 NalNa+Na) ™ 8.1.6
2¢&5i€, Ng
Xn=Xj+ V-V
e 9 Ng(Na+Ng ™ 817
¢0 = ]('l‘ ln Na-Nd
q n2
i 8.1.8

where xj 1s the junction depth (in cm), &, is the free space permittivity (=8.85 1014 F/cm), &g; the relative permittivity
of silicon14 (=11.7), g is the charge of the electron, N, and N are the acceptor and donor concentration in cm™3, @ is
the internal barrier potential and V the external ap%)hed voltage (=0 for photodiodes in photocurrent mode). The
intrinsic carrier concentration (in cm” ) is taken to be’:

- E,(T,C
n; =5.931 1015T3/2exp (g2(kTC))
8.1.9
where the band gap is also a function of carrier concentration Cp (in cm™ ) and temperature”:
(T C ) _7.021 10'4T2 -0.389 Cc 172
8.0 T +1108 10187 8.1.10

Eg}o =1.1557 eV
8.2 Transmission coefficient

The reflection and transmission coefficients for a three layer structure can be easily calculated and has been
studied prev1ously For our purposes, the first medium is air, the second one, of thickness dp, is silicon dioxide and
the third layer is pure silicon. If the indices refer to the respective layers, the transmission coefficient into the silicon
is given by:

s (14r2P|(1+g3)P+h3]
- n 2( 2 2 .
1+ r2(g3 +h; ) + 2r2[g3c0s (252) +h3sin (252)] 8.2.1

where,
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where nj is the refractlve index of air (=1), n; the refractive index of silicon dioxide (=1.46), n3+ik3 the complex
refractive index of silicon!0, d, silicon oxide thickness (in our case about 90 nm for optimization at 500 nm).

8.3 Minority carrier lifetime

Minority carrier lifetime has been treated in earlier papers the results are summarized here. The excess carrier
lifetime 7 is related to the excess carrier concentration n' (in cm” ) and its recombination rate R (Cm s'l) as

follows:
1

—n
=R
8.3.1
Ep-En\\1/2
n'= %“(Na-Nd)2+4ni2exp (F]n{TFp)} -{(Na-N ) +4n2\1/2}
8.3.2
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2 Fn~LFp _
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25 { 2‘ (EFn‘EFp) \T/z _ ’ l ’Ea'al 833
(Na-Naf+4n?| exp 7 Y X Ytanh‘ Tl +Ytanh‘ AT | 3.
Where,
Ev-En \|1/2
X = {(Na-Nd)2+ 4n?exp (F]ncTFp)\ +2n;
8.34
ErE 172
Y= :(Na-Nd)2+ 4n? exp (F]"CTFP) - IP
8.3.5

where O is the electron and hole capture cross section (=10'15 cmz), V the thermal velocity of carriers (in cm/s), N,
the density of recombination centers in em3, E, energy distribution parameter (=0.2 eV), 0 energy distribution
parameter (=0.2 eV), Epp, pp quasi Fermi level for electrons and holes. Since we are considering the low injection case,
we take the quasi Fermi levels to coincide with the equilibrium Fermi level, hence their difference is taken to be zero.
The intrinsic carrier concentration is given by formula 8.1.9.

8.4 Diffusion constant

Diffusion constant has also been modelled by Singh and Singal7. It is related to the mobility by Einstein's relation:



D, = %u
8.4.1

The mobility of carriers is limited by three processes: lattice, impurity and carrier scattering. For the impurity and
carrier scattering contributions, some discrepancies yere found between the various references”/ 111314 The
formulas we used in our model, where [l are given in m?.V-1sTare the following:

n= {]‘ + L + 1]1
M M He 8.4.2
Uy n = 2.110° 1725
8.4.3
w,p=2.3100 7129
8.4.4
. 272(egi6, R(KTP?
.=
2
7:3/2Ciq3melf§czln{ 385i80Ci1/3$) + 1} 8.4.5
1, 1\ 3(esico (KT
He = i, * ) j kTR, 1|
P 23/2711/2ch3ln‘ 485,-80C0”3qz) +1 | 8.4.6

where &, is the free space perm1tt1v1ty in F/m, C and C, are respectively the impurity and carrier concentratlon in
m™3 (in both case they are 10°N,, in p region, 10°N in n reglon) Mef the effective carrier mass (9.8 1031 kg), m,, the
effective electron mass! ( 0.26mp) m, the effective hole mass! ( 0.37m efp)

8.5 Absorption coefficient
The absorption process in silicon is quite complex since both direct and indirect transmons (involving absorption and

emission of phonons) occur. An expression of the absorptlon coefficient (in cm™!) as a function of incident
wavelength, band gap energy and temperature is given by

(E-E -+E,~

o(T)= Z C,'Aj \’ & PI\
i=1,2

j=12 \exP(kT) 1’

(E - Egj- Ep;)?
[1-ew (2]

+ Ag|E - Egg\?H (E - Egq)

H(E-E,j+ Ep) + H(E-E,j- Ey)

8.5.1

where Egj, Egpand Eg are given by 8.3.7, where E , is replaced by 1.1557, 2.5 and 3.2 eV respectively, and E is the
photon energy in eV, ng 1 the phonon energy mode TA ( 0. 01827 eV), Epp the phonon energy mode TO (=0.05773
eV), C;=5.5, C2=4.0, A;=323.1 cmleV2, A,=7237 cm™leV2, A4=1.052 106 cm leV~2, and H(x) is the Heaviside
function (H(x) =1 for x>0, H(x) =0 x<0).
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