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Surface recombination velocity of silicon wafers by photoluminescence
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Photoluminescence 共PL兲 and optical reflection measurements, obtained in the two-wavelength
SiPHER PL instrument, are used to determine the surface recombination velocity of silicon wafers.
Local measurements and contour maps are possible allowing surface recombination maps to be
displayed. This instrument also allows doping and trap density measurements. Surface
recombination velocities from 10 to 106 cm/ s can be measured on low or high resistivity polished
and epitaxial wafers. © 2005 American Institute of Physics. 关DOI: 10.1063/1.1884258兴
The effective lifetime in semiconductors, generally difficult to decompose into bulk recombination lifetime 共b兲 and
surface recombination velocity 共sr兲, is important in the operation of some semiconductor devices, e.g., solar cells, pn
junctions, bipolar junction transistors, thyristors.1 The separation of bulk recombination lifetime and surface recombination velocity from the effective lifetime is quite difficult
since most lifetime characterization techniques determine the
effective lifetime.1–4 To extract the bulk lifetime, the surface
recombination velocity is usually minimized, requiring surface treatments such as hydrofluoric acid, iodine, silicon nitride, or oxide.5 For extremely pure Si samples, the bulk
lifetime is so high that surface recombination dominates the
effective lifetime.6 However, for lower quality, i.e., low resistivity or solar grade silicon wafers, the lifetime is lower
and both b and sr must be determined. Photoconductance
decay,7 surface photovoltage,8 and quasi-steady-state
photoconductance9 are widely used for characterizing the minority carrier lifetime and diffusion length. Separation of
bulk and surface recombination is possible by varying the
sample thickness10 or by evaluating the initial decay modes
of photoconductance decay.11
In this letter, we propose a technique for evaluating sr of
as-received and oxidized silicon wafers by photoluminescence. PL is most commonly used at low temperatures for
impurity identification12 and for determining low doping
densities in Si.13 Recently, a PL-based commercial tool,
SiPHER, has been introduced, that operates at room temperature, uses the two wavelengths  = 532 and 827 nm, measures the PL and the reflected signals, and has found application to detect defects and doping density variations in
silicon wafers.14 For example, Buczkowski et al. show how
PL can be used to detect Si doping density variations over
the 0.01–20 ⍀ cm resistivity range and detected misfit dislocations and oxygen precipitates.15 We make use of the fact
a兲
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that the instrument provides PL and reflectance data at two
wavelengths for each measurement.
We have developed one-, two-, and three-dimensional
models of the carrier distribution in semiconductors following light excitation and use these distributions to calculate
PL signals to extract the various doping density and recombination components. Here we confine ourselves to the onedimensional case. To develop the PL model, we start with the
steady-state continuity equation for the excess minority carrier generation and derive the PL efficiency16
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PL共兲, depends on the photon flux density ⌽, the wave-

length , the reflectance R, the sample thickness d, the radiative recombination lifetime rad, and the excess carrier density ␦n共 , z兲. The function F共兲 depends on the doping NA
and trap NT densities, surface recombination velocity, minority carrier diffusion length, radiative lifetime, sample thickness, and absorption coefficient.16 The PL efficiency is

FIG. 1. Normalized PL efficiency vs bulk trap density and front surface
recombination velocity.
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FIG. 2. Theoretical 共lines兲 and experimental 共points兲
PL intensity ratio vs front surface recombination velocity sr as a function of diffusion length 共a兲 p-type Si, 共b兲
n-type Si. The high Ln data are for NA and ND around
1015 cm−3. The Ln = 6 m line and data are for ND
= 1019 cm−3.

almost the same for both wavelengths at sr up to 103 cm/ s.
However, the PL for  = 827 nm is higher than for 
= 532 nm for sr ⬎ 103 cm/ s, because most excess carriers are
generated within 1 µm from the surface for  = 532 nm and
their recombination is strongly influenced by surface recombination. For  = 827 nm most excess carriers are generated
within 10 µm and the effect of surface recombination is reduced. Hence, we should be able to predict the surface recombination velocity by using the PL and reflectance signals
at the two wavelengths.
We show the PL dependence on trap density and surface
recombination velocity in Fig. 1 and are generally concerned
with high-lifetime, low NT wafers 共NT ⬇ 1010–1012 cm−3兲
with NT variations having a relatively minor effect on the PL
signal. However, surface recombination varies widely even
in high-lifetime wafers, because it depends on the state of the
surface, i.e., bare, passivated, contaminated, oxidized, etc.
This is our motivation: NT has little effect, sr has a major
effect, and hence one should be able to extract sr from PL
measurements.
To determine sr, we measure the PL intensity ratio RPL
and the optical reflection at the two exciting wavelengths,
where RPL is
RPL =

IPL共827兲 ⌽共827兲关1 − R共827兲兴F共827兲
=
.
IPL共532兲 ⌽共532兲关1 − R共532兲兴F共532兲

From the measured reflection data and calculated reflectivities, we determine the ratio ⌽共827兲关1 − R共827兲兴 / ⌽共532兲
⫻关1 − R共532兲兴. This leaves only F共兲 as the unknown. RPL
depends on NA, the minority carrier diffusion length Ln, and
sr and known parameters, i.e., radiative recombination parameter B, ␣, and d. We calculate RPL vs sr, as shown in Fig.
2, since we know from Fig. 1 that PL depends sensitively on
sr. From the experiments we determine RPL and from the
RPL–sr curves, we then determine sr. For a precise determination of sr, Ln needs to be known and can be measured
independently. However, since Ln variations have a relatively
small effect on the RPL-sr curves, an educated Ln guess is
sufficient for a reasonably accurate sr determination.
We used 共100兲 oriented CZ-grown polished and epitaxial
Si wafers, front side polished, 700 µm thick. Some wafers
were bare, others were oxidized at 1000 °C for 30 min for a
30 nm thick SiO2 film. Five different types of as-received
and oxidized wafers were used: boron and phosphorus-doped
polished wafers and boron, arsenic, and antimony-doped
epitaxial wafers.
Figure 2 shows RPL versus surface recombination velocity as a function of Ln. A 700–300 µm Ln variation shows
little RPL variation, especially for low sr. Placing the experimental RPL data on these curves, yields sr
= 500–50 000 cm/ s. The lowest sr of 500 cm/s is for the
oxidized arsenic-doped n-type wafer. To verify that our

assumed Ln data in Fig. 2 were appropriate, we determined
the diffusion length of the boron-doped wafers by surface
photovoltage measurements to be 400 µm before and after
oxidation. We typically find sr of n-Si to be lower than p-Si,
because n-type wafers have lower surface/interface state densities or negative surface charge leads to accumulation on
n-Si and depletion on p-Si. It is well known that the surface
potential has a substantial effect on surface recombination.
Accumulated and inverted surface have lower sr than depleted surfaces. Such surface conditions can be attained
through corona charge17 or external electric field.18
To verify our method further, we rinsed boron doped Si
wafers 共 = 15 ⍀ cm兲 in a dilute HF/H2O 1:10 solution and
measured PL and Ln before and after the rinse. The Ln remained unchanged, but the PL signal increased due to passivation of dangling bonds by the HF as also observed by
others.19 Si surfaces, prepared in HF-containing solutions,
are completely H-terminated and remarkably passive.20 This
is somewhat surprising since thermodynamics suggests there
should be significant Si–F, bonds 共Si–F and Si–H bond energies are 6.2 and 3.3 eV兲. However, if one considers the
complete system formed by reactants, reaction products and
the surface, hydrogen termination is thermodynamically
favored compared to fluorine termination.
From the PL we determined RPL and the surface recombination velocity, shown in Fig. 3. The surface recombination velocity is about 8700 cm/s for the as-received sample
then decreased to about 800 cm/s after the HF rinse and
gradually increased. It is known that a HF-terminated Si surface oxidizes when exposed to air or oxygen21 and these
measurements show that sr increases as the HF termination
effectiveness diminishes.
In summary, we developed a method to determine the
surface recombination velocity of silicon wafers by photoluminescence. This method allows for fast, contactless, and
nondestructive characterization of entire wafers with no
sample preparation. With the aid of the reflectance data, the
PL intensity ratio is extracted, calculated, and correlated to
the surface recombination velocity. If the bulk diffusion

FIG. 3. RPL and Sr vs time before and after HF/H2O rinse.
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length is above 100 µm, the surface recombination velocity
can be determined and we find values of 500–50 000 cm/s
depending on the wafer conditions. Bulk, epitaxial, and
oxidized wafers have been characterized and we find good
correlation between theory and experiment.
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