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Abstract 

Ttie utility of a noncontact photoconductive decay (PCD) 
technique is demonstrated in measuring the bulk lifetime, rg, 
and surface recombination velocity, S, in detector grade sili
con and germanium crystals. We show that the simple analyti
cal equations which relate the observed effective lifetimes in 
PCD transients to Ts and S have a limited range of applicabil
ity. Hie noncontact PCD technique is used to determine the 
effect of several surface treatments on the observed effective 
lifetimes in Si and Ge. A degradation of the effective lifetime 
in Si is reported as a result of the growth of a thin layer of 
native oxide at room temperature under atmospheric condi
tions. 

Pig. 1 Schematic of the experimental setup. 

L INTRODUCTION 

Realization of the ideal performance of semiconductor 
radiation detectors depends in part on the optimization of key 
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material parameters such as the bulk lifetime (%) and surface 
recombination velocity (S). These two parameters affect the 
spectral background, energy resolution and entrance window 
dead layers in semiconductor detectors [1]. Measurement of 
the values of tB and S during detector fabrication procedures 
provides useful feedback for the development of optimum 
fabrication processes. Of the several available techniques to 
determine the free carrier lifetime in semiconductors, non-
contact photoconductive decay (PCD) measurements are the 
most suitable for a fabrication environment since they require 
minimal sample preparation, can be used on line in between 
processing steps, and are nondestructive [2]. 

In this paper, we evaluate and utilize a noncontact PCD 
technique to measure the decay times of free carriers in detec
tor grade floating-zone Si and high purity Ge, as part of an 
effort to develop a simple characterization tool which will aid 
in detector process development Furthermore, we evaluate the 
limitations of different data analysis schemes which are used 
to interpret PCD transient data and we describe the proper use 
of such techniques. Two examples are described in which the 
PCD technique is used to measure the growth of native Si0 2 

on Si after chemical etching and the effect of amorphous Ge 
deposition on the measured effective lifetime of Ge. 

II. EXPERIMENTAL SETUP 

The design of our noncontact lifetime measurement system 
is based on an inductively coupled photoconductive decay 
(ICPCD) technique described previously in the literature [3,4]. 
A block diagram of the system is shown in Fig. 1. The sample 
is placed on top of a 4-tum radio coil having a diameter of 
approximately 2 cm. The sample is inductively coupled to the 
coil and the measurement system by effectively behaving like 
a singie turn secondary coil. The coil/sample combination is 
connected to a variable capacitor tuning element via a rigid 
coaxial cable with a length equal to half the wavelength of the 
applied 75 MHz RF signal. The section of the apparatus 
shown in the dashed box of Fig. 1 is a simple capacitance 
matching network that is tuned to present a SO Q impedance in 
the 20 dB coupler. The generated RF signal is split into two 
parts with amplitudes S, and S2. Si goes to the 20 dB coupler 
and then into the branch of the system containing the sample. 
The output signal from the coupler, S«, which is subsequently 
amplified by the wide band amplifier, is dependent on any 
impedance "mismatch" that the sample load presents to the 
coupler. With the sample in place, the capacitance matching 
network is tuned, using an RF vector voltmeter, so that the 
sample load to the coupler is SO £2. Connecting the load to the 



coupler, the phase shifter is adjusted to produce a minimum 
signal out of the mixer. The light from the IR LEDs excites 
free carriers in the semiconductor and increases sample con
ductivity. This in turn decreases the load impedance creating 
an impedance mismatch at the coupler and thus an increased 
RF signal out of the coupler. Once the optical source on the 
sample is turned off, the RF signal envelope from the coupler 
decays with a time constant that is proportional to the photo-
conductive decay of the carriers in the semiconductor sample. 
The output from the mixer is proportional to: 

5 25,(r)[cos (A0) + cos (2an + A0)] 

and the characteristic times are given by: 

£ = £ + «?*>. 

(2) 

(3) 

where D is the diffusion coefficient, and ctfi arc given by the 
solutions to the transcendental equation: 

c o t (-2 _ )-szr < ~2" ) (4) 

where L is the sample thickness. 
Figure 2 shows a calculated PCD transient for a typical 

silicon sample (zB = 10"3, S = 30,000 cm/sec, D = 32 cm%ec, 
L = 500 pm). 

<D 

where e> is the resonant frequency and A0 is the phase differ
ence between S2 and Ss(i). The mixer output signal passes 
through a low pass filter to eliminate the higher harmonics and 
is then stored in a digital oscilloscope. 

An array of infrared LEDs (A0 = 875 nm, FWHM = 100 
nm) was used to excite tree carriers in the silicon samples. 
The measurements were performed at low LED power levels 
(-10-100 mW) to ensure a low level injection (An « n„). The 
optical pulsewidths were 100-500 (is and the pulse rise/fall 
time was less than 250 ns. For the thicker germanium samples, 
a strobe light was used as the excitation source with a maxi
mum output of 40 W. This source had a broadband spectral 
output with approximately Gaussian pulses having FWHM 
= 15 ps. Filters were used to adjust the light intensity and 
ensure a low level injection. The measured PCD transients 
were fitted and the characteristic effective lifetimes, r^, were 
extracted from them. The relationship of %to tB and S is dis
cussed in the next section. 

IIL D A T A A N A L Y S I S 

Surface recombination of photogenerated carriers influ
ences the PCD transients extensively and introduces compli
cations in the analysis of the transients [5]. When surface 
effects are eliminated, then PCD transients are governed by a 
single decay constant which is the bulk lifetime. That is, the 
nonequilibrium conductivity decays according to the function 
exp(-r/Tj). In reality, however, finite surface recombination 
rates result in multiexponemial PCD transients [5-7] The 
exact solution to the equations governing the decay of photo-
excited carriers in a semiconductor with finite surface recom
bination velocities gives rise to PCD transients that decay 
according to: 

time ((is) 

Fig. 2 Calculated PCD transient for a typical Si sample. 

The fust term in the series solution (2), which contains the 
longest effective lifetime, is the dominant decay mode in the 
multiexponential transients. This dominant term is labeled the 
effective lifetime, x^, of the PCD transient The terms gov
erned by shorter decay times die out quickly, resulting in the 
initial sharp drop of the transients [6,8] Simple analytical 
expressions can be derived for the observed % based on the 
values of material parameters such as TB, S,D, and sample 
thickness L [8]: 

if S«2DIL then =*- = J - + ^ 

\iS>nDIL then J_ 
V 

n2S2 

i(S»2D/L then V 

x « (51 + 2D)1 

±+m 

(5) 

D.and (6) 

(7) 

A PCD experiment, however, allows the measurement of 
only the sample thickness and effective lifetime. The extrac
tion of Tfi and 5 from a PCD transient is possible if the appro
priate equation is applied to analyze the data. In the case of 
Equation 5, the determination of Tfl and S is straightforward: 
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the effective lifetime of samples of varying thickness, but 
identical surface conditions, is measured and the plot of 1/T, ;7 

vs. 1/L will yield Tfl and S. However, the range of applicability 
of Equation 5 is limited. For instance, with typical Si wafers 
having thicknesses in the range 200-1000 um, the application 
of Equation 5 is only appropriate if the surface recombination 
velocities are lower than 100 cm/sec. Such low values of S are 
typically only observed on highly passivated Si surfaces. 
Consequently, the limitations imposed by Equations 5-7 
necessitate some prior knowledge of the parameters under 
investigation. Proper data analysis in PCD experiments 
requires solving the equations governing the decay of photo-
excited carriers and fitting the observed transients with the 
appropriate multiexponemial decays. This method of analysis 
requires the introduction of additional fitting parameters 
which may, in certain situations, introduce unavoidable uncer
tainties in the measured variables. Nevertheless, the ICPCD 
technique can be used effectively to investigate the influence 
of various surface treatments on S by comparing the effective 
lifetimes of samples of equal thickness that have been through 
different surface treatments, providing the surface processes 
do not alter the bulk lifetime. 

IV. RESULTS 

To demonstrate the effectiveness of the ICPCD technique, 
we report on our measurements of the degradation of the 
effective lifetime in Si due to native oxide growth on Si. The 
growth of the name oxide on silicon surfaces at room tem
perature under atmospheric conditions after dilute HF etching 
has generated great interest recently from the silicon industry, 
because the thin native oxide films (10-50 A) influence the 
growth of high quality epitaxial silicon [9-12]. The well 
studied thermodynamics which control the growth of thermal 
oxide on silicon is inadequate in describing the kinetics of 
native oxide growth [9). Several investigators have used ellip-
sometry to measure the growth rate of the native oxide on sili
con [9,11-13] and they have found that the oxide grows loga
rithmically with time on a freshly etched Si surface, saturating 
at a thickness of approximately 10-50 A over a 24 hour 
period, depending on ambient conditions. The growth of 
native oxide is associated with the creation of surface states 
due to breakage of Si-Si and Si-H bonds in favor of the forma
tion of Si-0 and Si-OH bonds [10]. A decrease in the band-to-
band photoluminescence intensity in HF treated Si over time 
has also been ascribed to a decrease of the surface lifetime due 
to native oxide growth [10]. We have measured this change in 
me surface lifetime of Si due to oxide growth using the 
ICPCD system. The test sample was a 1 mm thick, 4 cm2 

square, high resistivity, floating-zone Si (p-type, A/4 - N0~ 101' 
cm-3). The sample was etched in HNOj:HF (3:1) for one 
minute followed by an isopropanol quench and then given a 
two minute HF:H 20 (1:5) etch, followed by a one minute DI 
water rinse. The sample was then placed in the ICPCD mea
surement system and the PCD transients were measured over 
time. (During the course of the experiment, the room tempera
ture was 22±2°C and the humidity was 52±3%.) Figure 3a 

shows a typical normalized PCD transient from these samples. 
The output of the infrared LED signal is also shown in this 
figure demonstrating the relatively sharp turn off time of the 
optical source. Each transient was curve fitted and an effective 
lifetime was extracted. Figure 3b shows the decay part of the 
transient fitted with an exponential function having an effec
tive decay time of 140 us. Figure 4 shows the effective life
time as a function of time after etching for the silicon samples. 
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Fig. 3 (a) Normalized PCD transient of a 1mm thick Si 
sample (-••). The output signal of the LED array is 
also represented (—). (b) The decay part of the 
transient curve fitted by an exponential function with a 
characteristic time equal to 140 us. 

HF treatment of silicon surfaces results in the removal of 
the native oxide and produces hydrogen termination of the 
dangling Si bonds, which passivates the surface and decreases 
the surface recombination velocity [9,10]. Accordingly, we 
measured a relatively large effective lifetime in the silicon 
immediately after HF etching (715 us) which subsequently 
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decreases logarithmically with lime, indicating the growth of 
the native oxide. Two distinct regions arc evident in the curve 
in Fig. 4, which suggests a layer-by-layer growth of native 
oxide [10]. After 400 minutes, the measured effective lifetime 
asymptotically approaches 24 jis and does not decrease fur
ther. The increase in the surface recombination velocity, due 
to the growth of the native oxide on freshly efciied Si samples, 
results in a measurable decrease in the observed effective life
time of Si. To insure the stability of Si detectors over time, we 
are currently employing the ICPCD system to investigate dif
ferent Si surface passivation schemes that would result in a 
consistent and stable t^r after standard HF treatments. 
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Fig. 4 Decay of the effective lifetime in silicon after HF 
treatment due to native oxide growth. 

In addition to the previously described measurement of x,g 
in oxidized Si, we have also measured % as a function of 
sample thickness, L, in order to extract the material parameters 
X and Td. Silicon wafers of varying thickness were cut (0.025 
cm < L < 0.183 cm) and were given similar chemical treat
ments as described above. The wafers were stored at room 
temperature under atmospheric conditions for one day to 
allow the growth of the native oxide. The PCD transients were 
measured using the ICPCD measurement system and T«y was 
obtained for each thickness. Figure 5a shows 1/%vs. \,'L 
using the experimental data and the fit obtained by modeling 
the exact solutions to the equation governing the decay of die 
photoexcited carriers in Si [8]. The parameters used in the fit
ting curve were: xB = 2500 us, D = 28 cm2/sec, and S = 20,000 
cm/sec. (The vendor specified bulk lifetime was 3000 |is, 
which correlates closely with the value for Tj obtained from 
the fit.) Similar measurements were performed on Cn samples 
(p-type, NA - ND ~10 1 0cm- 3, 0.09 < L < 1.0 cm), and are 
shown in Fig. 5b. The fitting parameters for the Ge were r s = 
5000 ys, D = 80 cm2/sec, and S = 1300 cm/sec. The dramatic 
difference in S between the Si and Ge samples is due to die 
higher surface state density resulting from the thin native 
oxide layer on the silicon surface. 

Finally, we investigated me utility of the ICPCD technique 
for monitoring surface conditions resulting from detector pro
cessing by comparing the effective lifetimes of a 4mm thick 
Ge sample before and after the deposition of 600 A amor
phous Ge. The samples were chemically treated as described 
previously; the measured xtS before the deposition of the 
amorphous Ge was 3.0+0.3 x 10 - 3 seconds. After sputtering 
600 A of amorphous Ge on both surfaces of the wafer, x^ 
decreased to 2.3±0.3 x \<bA seconds, due to the large concen
tration of traps on the Ge surface created by the amorphous 
layer. The effective lifetime increased back to its original 
value of 2.9+0.3 x 10"3 seconds after the amorphous layer was 
subsequently etched away. 
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Fig. 5 Plot of 1/% vs. ML using the experimental data (•••) 
and the calculated results (—) for (a) Si, and (b) Ge. 

V. CONCLUSION 

We have evaluated die utilization of a noncontact photo-
conductive decay measurement technique to determine the 
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effective lifetime of detector grade high purity Si and Gc crys
tals. The technique is ideally suited for use in a detector fabri
cation environment, because it docs not require extensive 
sample preparation and is nondestructive. Furthermore, we 
have identified the inherent limitations which exist in the 
analysis of PCD transients using simple analytical expressions 
that relate the observed T,jj-to T sand S. The ICPCD technique 
is shown to be effective in the measurement of the degradation 
of T^- as a function of native oxide growth on Si, and for esti
mating ?B and 5 as a function of processing conditions of high 
purity detector grade Si and Ge. We are incorporating the 
ICPCD technique as an aid in die optimization of key process
ing steps in the fabrication of Si and Ge radiation detectors. 
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