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Abstract-An infrared photothermal radiometric (PTR) method has been applied to the SiO*/Si interface 
noncontact diagnostics. Both photothermal frequency-domain (PTR-FD) and photothermal deep-level 
transient spectroscopy (PTR-DLTS) analyses have been performed on two full-size Si wafers containing 
Al and poly-Si gated MOS structures. A new fitting procedure which uses both the PTR-FD amplitude 
and phase frequency responses is proposed allowing the measurements of the values of the carrier 
diffusivity, lifetime and surface recombination velocity. A behavior consistent with photoinjected carrier 
lifetime enhancement due to trap thermal filling at elevated temperatures has been observed on both 
wafers. The activation energies measured by the two photothermal techniques are found to be close: 
0.15-O. 17 eV and 0.21 eV below the bottom of the conduction band for Al-gated and poly-Si gated wafers, 
respectively. 0 1997 Elsevier Science Ltd. AI1 rights reserved 

1. INTRODUCTION 

The measurements of photoexcited excess carrier 
lifetime and activation energies in a semiconductor 
are useful in the characterization of the quality of 
semiconductor materials and in evaluating the 
performance of working semiconductor devices. The 
noncontact method of photothermal infrared 
radiometry (PTR), with both frequency-domain 
(PTR-FD)[l-31 and rate-window (PTR-RW)[4,5] 
detection configurations has been shown to be 
promising for remote on-line or off-line impurity/ 
electronic defect diagnostics. A new PTR deep-level 
transient spectroscopy (PTR-DLTS) which combines 
the PTR-RW with semiconductor temperature 
ramping has been developed recently[6] and found to 
possess high spectral peak separation and spatial 
resolution. 

In the present paper we report the first results of 
the off-line quality control analysis of SiOJSi 
interfaces of full-size Si wafers with MOS structures 
by using the PTR-FD and PTR-DLTS methods. For 
the PTR-FD technique we propose a new fitting 
procedure which uses not only the amplitude 
frequency responses[ I-31, but also employs the phase 
dependencies which are shown to be more sensitive to 
changes in carrier diffusivity (D,), carrier lifetime (T) 
and surface recombination velocity (s). 

2. THEORETICAL MODEL 

To derive the PTR signal from a plasma-domi- 
nated semiconductor we will consider the wafer of 
thickness L with the front surface lying at x = 0 and 

highly scattering (unpolished) back surface. With the 
excitation laser beam off, the total i.r. radiation 
power P&1) arriving at the front surface (area A) of 
the wafer at ambient temperature 0, is: 

P,&) = [u,R(x, i)exp[ - [a&‘. 1)dx’ld.x (1) 

where alR is the IR absorption coefficient of the 
semiconductor at the wavelength 1. The total power 
registered by the IR detector is: 

where R(1) is the IR reflectance of the semiconductor 
polished surface, I, and ,& are the lower and upper 
wavelengths of the IR detector response and 

Iv@, 0,) = 
2nhc’A 

L’[exp(hc/lkO,) - l] (3) 

is Planck’s distribution function. 
For Si CL,~(X, 1) is dominated by weak lattice 

absorption in the absence of laser irradiation 
(CIIR,Si cz 1.2 cm-‘,[7]). For L < 500 pm, CZ,RL K 1 and 
the radiation power can be approximated: 
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With the laser beam on, aIR(x, A) increases due to the constant in a plasma-dominated wafer. Assuming 

presence of photo-injected carriers: that the photo-injected carrier density is limited to 

&(x. 2) = aIR(x, 2) + AaF&, i). 
1Or9 cm-j by lifetime reduction due to Auger 

(5) recombination[9,10]: 

The change in the reflection coefficient R(1) is 

assumed negligible, since,[8]: 

AR 2e’i.’ 

[a;R(x, i)]maxL << 1 * exp[ - [a;@‘, I)dx’] 

_=_ 
R 47u&om(n’ - 1) AN(O) (6) 

and at i = 10 pm, for intrinsic Si with photo-injected z 1 - ‘a;R(x’, I)dx (9) 

carrier density AN(O) = lOI cm-‘AR = -7.7 x 
5 II 

lo-“AN(O) = -7.7 x 10-j. The temperature rise in the radiation power with the laser on can be written: 
the semiconductor changes the Planck function, 
eqn (3), 0, -+ 0, = 0, + A@. so as L 

P0.Q) = aIR(x, I)dx + LAaFc(x, I)dx. (10) 
AR’,(& 0, + A@) E IV,& 0,) s 0 

The a.c. PTR signal in the i.r. detection is equal to 

Ao (7) AQ = Qon - Qot~ (11) 

and 
so that by combining eqns (1 H2) and (10) 

AQ = - R(L)] W,(l, 0,) 

When thermal-wave effects are not dominant, 
A@/@,<< 1. so Planck’s function can be assumed 

x dl LAa&x, I,,,)dx (12) 
s 0 
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Fig. I. The PTR-FD amplitude and phase frequency responses of sample W2 measured at different 
temperatures: 298 K (x). 323 K (*), 348 K (0). 373 K (A), 398 K (0) and 423 K (0). The amplitude 

curves are normalized at low frequencies. 
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Fig. 2. The PTR-FD amplitude (I-J) and phase (0) frequency responses of sample W2 obtained at 348 K 
and the results of the best fitting (lines) with D. = 10 cm2 SC’, s = 150 cm s-’ and TFD = 36 ps. ~FD stands 

for frequency-domain measurements of the lifetime. 

given that the wavelength that matters in the 
difference P&l, nViS) - PO&.) is that of the photoex- AQ(U = 

s 
;2W - R(n)] 

citing laser, I.,,.. The vis dependence appears in the 
iI 

integral ~,Ac+e(x, lVil, ,I)dx. Letting 

JFC(& 2) = 
s 

LAa~c(x, A,,,, I)dx. 
x I+‘,(& O,)dl 

s 
‘AN(x, L,,,)dx (17) 

(13) 0 
0 

equation (12) yields 
or 

A2 AQ(L) = s CG., @,)Jd~v,s, I)dl (14) AQ(&) = Cl(l,, 1,) ‘AN(x, &,)dx (18) 
i , 

where where 

C&O.) = [l - R(n)]K(n, 0,). (13 
i? 

A classical model for the wave propagation in a free c,(A,, 2,) = 
s 

5(h)[l - R(~)lW’s(k @aW (19) 
carrier plasma gives[ 111: i , 

AC&X, 1 .,,,A) = 4ac<~;,,,z~ 

Equation (18) indicates that the PTR signal from 

AN@, I,,,) plasma-dominated semiconductors depends on the 
number of photo-injected carriers integrated over 

= W)AN(x, I,,,) (16) the thickness of the wafer. This result, eqns (18t( 19) 
is similar to that obtained earlier semi-empiri- 

where p is the mobility which depends on carrier cally[ 1,3]. 
density, especially at high densities. It is assumed Taking the one-dimensional distribution of the 
independent of AN here. Finally we obtain: photo-injected carrier plasma density in a semicon- 
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ductor with high optical absorption to be of the 
form[l,4,12,13]: 

AN(x) = 
* e-“n‘ 

where No is the number of photo-injected carriers at 
the surface, s is the surface recombination velocity 
and the complex plasma-wave vector 8. is defined as: 

J 1 + iw7 
63, = D,r ’ 

we obtain upon calculating the integral in eqn (18): 

AQ= t&N; Q,,s c2(ni 3 AZ) 

assuming 1 u,, IL, x 1. 

(22) 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. Experimental set up and samples 

Both the PTR-FD and PTR-DLTS instrumen- 
tation set-ups used in the present study were 
described in detail previously[5,6]. An Ar+ laser 
emitting - 1 W at 514 nm was used as an excitation 
source. The modulated square waveform of the 
laser-beam intensity was controlled by an acousto- 
ptic modulator. The modulation frequency range 
used was 100 Hz-125 kHz. The lower limit was 
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0 

chosen so as to prevent the thermal component from 
dominating the PTR signal. Temperature ramps were 
introduced by a heater/temperature controller with 
the entire process controlled by the computer. Special 
arrangements of the set up have been made to fit the 
large-size wafers (diameter 10 cm). The heating 
system was capable of varying and maintaining the 
sample temperature up to 473 K. 

Two Si wafers from MITEL S.C.C. (Bromont, 
Quebec, Canada) containing multiple MOS 
capacitor structures were studied in the present 
work. An Al-gated MOS structure (sample Wl) 
had the following parameters: Al layer thickness 
0.8 pm, oxide thickness 0.1 pm, n-Si substrate with 
resistivity p = l&lX!cm and impurity level of 
N - 2.5 x lOI cm-’ 

’ 
The gate area was 

2.1 x IO-*cmZ. 
In sample W2 the gate was n-type poly-Si 

of 0.35 pm thickness and p = 30 Dcm with 
2.35 x lo-)cm2 gate area. The oxide thickness 
was 0.08 pm and the substrate was n-Si with 
p = 1&15R cm and N - 9 x 1O“‘cm--‘. 

3.2. PTR-FD measurements 

The PTR-FD frequency scans on sample W2 were 
obtained by direct illumination of one of the poly-Si 
gate islands. In this case the optical absorption length 
at 514 nm excitation wavelength is longer than both 
gate and oxide thickness (I /A,, z 1 pm) thus allowing 

250 300 350 400 450 500 

T, K 

Fig. 3. PTR-FD lifetime temperature dependencies of sample WI (0) and W2 (0) obtained by fitting 
the PTR-FD amplitude and phase frequency responses of Fig. 1. 
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Fig. 4. Arrhenius plots of the PTR-FD and PTR-DLTS lifetimes of samples Wl (circles) and W2 
(rectangles) and corresponding energy levels. 

a significant number of photo-injected carriers to be 
created at the SiOJSi interface. Here the PTR-FD 
signal is dominated by plasma effects. However, for 
sample Wl, which had a thick and highly reflective 
Al-gate layer, initial PTR-FD frequency scans 
performed through the gate showed a strong 
influence of the thermal waves. Therefore, all the 
measurements on that sample were performed on the 
oxide side where the PTR-FD signal frequency 
behavior was found to be similar to that of sample 
W2, i.e. purely electronic. 

The PTR-FD amplitude and phase frequency 
responses of sample W2 at different temperatures 
are presented in Fig. 1. The PTR-FD amplitude 
increases with increasing temperature due to the 
Stefan-Boltzmann law-based nature of the PTR- 
signal and increasing number of thermally injected 
carriers (in Fig. 1 the amplitude curves are 
normalized to outline only the changes in shape with 
temperature). The frequency behavior of the PTR- 
FD amplitude and phase frequency responses can be 
clarified by the following simple analysis. Taking the 
logarithm of the PTR-FD signal calculated in the 
previous section, eqn (22), we-obtain: 

Loglo = const - Log,@ 

(23) 

where const is a normalization parameter. Corre- 
spondingly, at low modulation frequencies when 
w’s<< 1: 

Loglo = const - Log10 (24) 

where L, = & is the photo-injected carrier 
diffusion length. So, both the PTR-FD amplitude 
(which is essentially IAQl) and phase (tan-‘(Im(AQ)/ 
Re(AQ))) are frequency-independent with the phase 
saturated at zero value. At the high frequency limit, 
wz >> 1, eqn (23) is simplified to 

Loglo = const - Logio( iw + s&) (25) 

and in a Log-Log plot the PTR-FD amplitude 
decreases with the constant slope of - 1 in the case 
of low recombination velocities and between - I and 
-0.5 for higher s. Here the PTR-FD signal is 
independent of r. Thus, the values of 7, D, and s can 
be evaluated by a multiparameter fitting of the 
experimental data to the theoretical model, eqn (23). 

Both the PTR-FD amplitude and phase frequency 
responses shown in Fig. I perfectly follow the 
predictions of the theory. The constant high-fre- 
quency slope of - 1 observed for all amplitude curves 
indicates a very low surface recombination of SiOJSi 
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interface which practically does not change with 
temperature (the values of s obtained by three-par- 
ameter fitting were in the range of IO&300 cm s-l). 
However, the carrier lifetime shows a clear increasing 
tendency as the slope intersection frequency position 
in the amplitude curves of Fig. 1 moves towards 
lower frequency with increasing temperature. 

Figure 2 represents typical results of the three-par- 
ameter fitting of the PTR-FD amplitude and phase 
frequency responses by the theoretical model. The 
correlation is very good both for amplitude and 
phase. It should be noted that the phase dependencies 
ignored in the previous studies[l,3] are of significant 
importance for the fitting procedure as they allow, 
under low s conditions a two-parameter fitting (T, D,) 
using two sets of independent data, thus decreasing 
the computational uncertainties. Besides, the PTR- 
FD phase dependencies being independent of the 
surface reflectance, are found to be more sensitive to 
changes in T and D, at low frequencies than the 
amplitude responses which makes them very useful, 
especially in temperature studies when all the 
adjustable parameters are temperature dependent. 

Hall theory[l416] which assumes that the thermally 
increased density of intrinsic carriers fills up existing 
trapping sites and thus increases the photo-injected 
carrier lifetime. For the carrier diffusivity we found a 
decreasing temperature dependence for both samples 
proportional to _ T-’ 5 which is in reasonable 
agreement with known[ 171 and photothermally 
measured[ 18,191 rates. The corresponding Arrhenius 
plots of the PTR-FD lifetimes and the calculated 
activation energies are presented in Fig. 4 along with 
the PTR-DLTS data of the next section. The energy 
value of AE = 0.21 eV obtained for sample W2 is 
probably due to the near-interface shallow electron 
trap produced during the gate layer growth. 

The fact that the poly-Si-gated MOS have a very 
low level of damage at the SiOJSi interface was 
confirmed by C-V measurements, exhibiting the 
surface state density of 6 x IO’O cm-;! while the same 
value for the Al-gated MOS was found to be 
4 x 10” cm-‘. This difference results in lower TV,, of 
Wl sample with respect to that of W2. 

3.3. PTR-DLTS measurements 

A similar analysis was applied to the PTR-FD data The PTR-DLTS signal from semiconductors due 
obtained from sample W 1. The lifetime temperature to photo-injected carriers originates from the 
dependencies are plotted in Fig. 3, along with those contribution of each free carrier to the black-body 
of sample W2. The increase in T with temperature emission measured by the i.r. detector, so that the 
observed for both wafers follows the Shockley-Read- theoretical model of Section 2 is also applicable in 

250 300 350 400 

Temperature, K 

450 500 

Fig. 5. Normalized FTR-DLTS phase spectra of sample W2 with different pulse repetition periods (TO): 
8 ps (O), 10 ps (a), 12 ps (x), 15 ps (A), 17 ps (0) and 20 ps (+). Duty cycle ~/TO = 50%. Only the 

part of each spectrum close to the minimum is shown. 
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this case. In the present study we used the lock-in 
PTR-DLTS detection which has higher signal-to- 
noise ratio than gated boxcar integration [20]. 

The PTR-DLTS temperature scans of both wafers 
were performed with fixed ratio of the pulse duration 
(T& to the pulse repetition period (TO) (duty cycle) 
equal to 50%. Both the PTR-DLTS magnitude and 
phase were recorded as a function of sample 
temperature at different To. Figure 5 represents some 
typical PTR-DLTS phase spectra obtained on 
Sample W 1. As in the case of the PTR-FD studies the 
phase temperature dependencies were found to be 
important here and more sensitive to the presence of 
the DLTS-peaks than those of the in-phase or 
quadrature component of the PTR-DLTS signal. 
Neither the in-phase, nor the quadrature temperature 
dependencies corresponding to the phase data shown 
in Fig. 5 exhibited any extrema in the temperature/ 
repetition period range used. Because of the fact that 
the phase changes near the peak (minimum) value 
were on the order of several degrees, their 
reproducibility was very good. 

The PTR-DLTS lifetime which was assumed to be 
proportional to To(~(Tm) = qTo) where T,,, is the 
PTR-DLTS peak temperature, was found to increase 
with increasing temperature for both samples as T,,, 

shifted to higher temperatures with increasing T, 

(Fig. S), behavior consistent with that found by the 
PTR-FD method. The Arrhenius plots of the 
PTR-DLTS lifetimes and the calculated activation 
energies are presented in Fig. 4. The same value of 
0.21 eV was found for the poly-Si gated sample W2 
while the W 1 sample exhibits the energy level of 
0.15 eV, i.e. slightly lower than that of PTR-FD 
method (0.17 eV). In principle, the correlation 
between both methods in energy levels is good for 
both sample Wl and W2. 

Finally, the PTR-FD (Tag) and PTR-DLTS (To) 

lifetimes were compared assuming a linear relation 
between them. The results are summarized in Table 1 
where the PTR-FD lifetimes were taken at the 
corresponding peak temperatures (T,) of the 
PTR-DLTS spectra. As can be seen from this table, 
the foregoing lifetimes are related to each other 
through the constant rl x 1.3, which is nearly the 
same for both samples and for all values of To used, 

Table I. Relation between the PTR-DLTS (fi) and PTR-FD (TFD) 
lifetimes 

Sample TQ,~s Tm.K TFD, IIS 
m(Tm) q=- 

TO 

WI 8 320 IO 1.31 
WI IO 360 13 1.30 
WI I2 372 I6 1.33 
WI 15 400 20 1.33 
WI I7 418 24 I .41 
WI 20 437 27 I.35 

w2 IO 298 I4 1.40 
w2 20 335 26 I .30 
w2 30 351 40 I .33 
w2 40 380 52 1.30 
w2 50 405 65 1.30 

thus validating the proportionality assumption 
between To and t(T,,,). 

4. SUMMARY 

In the present work the SiOJSi interfaces of two 
different MOS capacitor structures, Al-gated (wafer 
Wl) and poly-Si-gated (wafer W2), were studied by 
using noncontacting photothermal methods. The 
results of the quantitative analysis of the interfaces in 
terms of carrier transport parameters and activation 
energies by photothermal frequency-domain and 
DLTS methods were in good agreement and showed 
an increased carrier lifetime at elevated temperatures. 
Shallow electron traps at -0.16 and 0.21 eV were 
found for samples Wl and W2, respectively, by using 
both techniques, and are assumed to be produced 
during the gate layer growth. 
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