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Impedance spectroscopy is used to study the effect of surface passivation on minority carrier
lifetimes. The technique allows measurement of generation and recombination lifetimes separately.
Induced p+-p-n structures are prepared by depositing semitransparent layers of high and low work
function metals �Pd and Al, respectively� on the two sides of silicon wafers. Hydrogen adsorption
property of Pd surface has been utilized for passivation. The generation lifetimes remain almost
unaffected but recombination lifetimes enhance many folds after passivations which are in
agreement with values obtained by microwave photoconductive decay technique after chemical
passivation. Variations are analyzed for estimation of bulk recombination lifetime. © 2010
American Institute of Physics. �doi:10.1063/1.3385779�

Generation and recombination lifetimes of minority car-
riers are important for many semiconductor devices. The
concept of recombination lifetime ��r� holds when excess
carriers decay as a result of electron-hole recombination. The
generation lifetime ��g� applies when there is a paucity of
carriers, as in space charge region of a reverse-biased device
while it attains equilibrium. During recombination an
electron-hole pair on the average ceases to exist after a time
�r. When recombination and generation events take place in
the bulk, they are characterized by �r and �g, and when they
occur at the surface, they are characterized by the surface
recombination �Sr� and generation �Sg� velocities. Both the
bulk and the surface processes occur simultaneously and the
measured lifetime is an effective value ��eff�.

A variety of techniques1,2 is available for determination
of minority carrier lifetimes in silicon wafers and solar cells.
We had recently shown that impedance spectroscopy �IS� can
be applied for measurement of both the generation and the
recombination lifetimes in silicon.3 As the �r value is influ-
enced by Sr and sensitive to the surface conditions, surface
passivation is important for obtaining the true value of bulk
lifetime ��b�. Atomic hydrogen can be used as an effective
passivant for both deep and shallow defects in
semiconductors4 due to its high diffusivity at room tempera-
ture. In crystalline silicon, passivation of deep defects is ob-
served in p- and n-type material whereas shallow defect pas-
sivation is observed in p-type silicon only.5 In this process,
hydrogen is dissociated in atomic form6 at the metal surface
and gets dissolved in the metal. A part of it is adsorbed onto
the metal-semiconductor interface, where it gives rise to a
dipole layer that changes the metal work function ��� and
consequently the electrical properties7 of the interface.

In this paper, generation and recombination lifetimes in
induced p+-p-n silicon structure are determined by studying
the effect of hydrogenation on impedance and C-V charac-
teristics. This unambiguously determines the strong passiva-
tion dependency of minority carrier lifetimes.

Both side polished p-type �100� silicon wafers �300 �m
thick� of different resistivities ��=1000, 10, and 1 � cm,
referred as S-1, S-2, and S-3, respectively�, are used to make
induced p+-p-n structure which is created by depositing
semitransparent layers of palladium ��Pd,�5.12 eV� and
aluminum ��Al,�4.28 eV� on the two sides of the wafer at
room temperature. The thickness of the Pd film was kept
�300 Å to maintain good optical transparency and that of
Al was �1000 Å. No thermal oxide is grown but probability
of an ultrathin layer of native oxide at the interfaces cannot
be ignored and in such cases measurement sensitivity is
rather high.8 The details of experimental set-up used in this
study are given in Ref. 3.

Figure 1 shows the impedance spectrum in complex
plane for sample S-1 at zero bias during the hydrogen ad-
sorption and desorption cycles. The shape of impedance
curve is semicircular in vacuum which deviates during hy-
drogen adsorption process with an appearance of a new but
small semicircle at low frequencies. This can be attributed to
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FIG. 1. �Color online� Impedance spectra in hydrogen and vacuum at zero
bias for sample S-1. Inset I shows the spectra at different reverse bias ��0.1
to �0.6 V� conditions in hydrogen ambient. Inset II represents C−2 vs V
curve in hydrogen and vacuum. The symbols show the experimental points
and the lines are the best fit simulated curves.
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the hydrogen induced changes in the interface states and bulk
acceptor impurities that may affect the effective work func-
tion of palladium metal. However, the low frequency side of
the spectrum corresponds to surface changes9 and hence the
observed difference is the manifestation of hydrogen adsorp-
tion at the surface. During desorption, impedance spectrum
attains its initial shape.

The inset I of the Fig. 1 depicts experimental data with
their best fit curves under reverse bias, Vr, �−0.1�Vr�
−0.6 V� in hydrogen ambient, where the depletion region
edge extends deep into the bulk. The noticeable feature is
disappearance of the small semicircle which indicates the
reduction in the surface effects. As the nature of data remains
semicircular, it can be fitted into a single RC network with
one time constant by using the following relation:

Z�	� = Rs +
R

1 + �	RC�2 + j
	CR2

1 + �	CR�2 . �1�

The best fit R, C, and series resistance �Rs� values for S-1 at
different Vr are listed in Table I. It is found that the imped-
ance spectrum stabilizes around Vr=−0.5 V. The value of Rs
in hydrogen ambient is increased by a factor 2–3 compared
to its value in vacuum.3 This is in agreement with the results
of Laïhem et al.10 The R and C values are used to calculate
�g �=RC�ni /NB��. The value of base doping, NB, is calcu-
lated from the Mott–Schottky �C−2-V� curves �inset II� and is
found ~1.7
1013 cm−3 both in vacuum and hydrogen am-
bient. At 300 K, ni=1.45
1010 cm−3 is considered.3 The
value of RC=84.8 ms �at Vr=−0.5 V� gives �g
=74.1�6.4 �s which is close to the value of �g
=73.6�1.2 �s obtained under vacuum3 for the same
sample. Therefore, the value of generation lifetime is almost
the same in vacuum or under hydrogen ambient.

In p+-p-n structure, built-in voltage, Vbi, develops across
the two induced junctions of which Al–Si �p-n� contact can
accommodate voltage equal to the work function difference
of the two materials �i.e., ��pn=�Al−�Si� and the remain-
ing would appear across Pd–Si interface that creates high-
low �p+-p� junction. The intercept of C−2-V curve on x-axis

gives the value of Vbi-kT /q. The values of Vbi in vacuum
and hydrogen are equal to 0.67 and 0.78 V, respectively �i.e.,
an increase of 0.11 V�. Out of 0.78 V �Vbi in hydrogen�
Al–Si contact can accommodate only 0.51 V �=��pn� and
the remaining 0.27 V would appear across Pd–Si interface
�i.e., high-low junction� as Vhl �as compared to 0.16 V in
vacuum�. An estimate of the S at the edge of the high-low
junction can be made by using the relation S=Sl exp�
−qVhl /kT�. The limiting value of surface recombination ve-
locity Sl is equal to 5.2
106 cm s−1 at 300 K.3 Therefore,
increased barrier height in hydrogen effectively reduces S
from �104 �in vacuum� to 1.54
102 cm s−1 �in hydrogen�.

Figure 2 shows the impedance spectrum under forward
bias �Vf� in hydrogen ambient where Z� versus Z� curves are
different from the one obtained under the reverse bias in two
ways; �i� they consist of more than one semicircles and �ii�
the radii of circles at higher frequency end first decrease up
to +0.2 V �from its maximum at zero bias� and an opposite
trend is observed for Vf�+0.2 V. This may be attributed to
the increase in barrier potential at the Pd-Si interface after
hydrogenation that results in reduction of S values. A good
fitting of the data could be obtained using a more compli-
cated circuit consisting of a number of RC networks con-
nected in series and which is mathematically defined as

Z�	� = Rs + �
i=1

n
Ri

1 + �	RiCi�2 + j�
i=1

n
	CiRi

2

1 + �	RiCi�2 . �2�

The best fitted R and C values with n=3 �e.g., three RC
networks� are given in Table II along with their estimated
recombination time constants ��1, �2, and �3�, which corre-

TABLE I. The best fit values of R, C, and Rs at different Vr in hydrogen
ambient. Values in the brackets show the ���% error.

Vf �V� Rs ��� R �M�� C ��F� RC �ms� �g ��s�

�0.1 62.5 1.2 0.0133 16.3 ¯

�0.2 63.3 3.5 0.0125 44.1 ¯

�0.3 63.9 4.8 0.0119 56.6 ¯

�0.4 64.4 6.1 0.0113 69.3 ¯

�0.5 64.7 [3.3] 7.8 [5.9] 0.0109 [3.8] 84.8 74 .1 �6 .4�
�0.6 65.4 �3.2� 7.8 �5.7� 0.0103 �3.6� 80.6 70.4 �6.6�

TABLE II. The best fit values of R1, C1, R2, C2, R3, C3, and Rs at different forward bias �Vf� conditions in hydrogen ambient. �1, �2, and �3 are the calculated
lifetimes corresponding to R1C1, R2C2, and R3C3, respectively. Values in the brackets show the ���% error in the fitting.

Vf �V� Rs ��� R1 �K�� C1 ��F� �1 �ms� R2 �K�� C2 �nF� �2 ��s� R3 �K�� C3 ��F� �3 �ms�

0.0 52.7 19.4 16.6 322.3 1.8 15.1 27.7 17.9 0.01 0.2
0.1 48.5 14.1 11.9 167.8 2.9 14.1 41.0 12.7 0.02 0.3
0.2 45.2[4.4] 11.6[1.1] 8.7[2.8] 100.4 9.4[1.5] 8.5[0.4] 66 .1 �1 .8� 1.3[7.8] 3.71[13.6] 4.8
0.3 44.9 47.8 1.3 62.1 8.2 7.4 60.5 34.5 0.07 2.5
0.4 44.7 138.8 0.4 59.7 7.7 7.3 19.8 99.4 0.06 6.1
0.5 44.4 182.7 0.4 69.4 7.6 7.1 11.5 142.7 0.06 8.1

FIG. 2. �Color online� Impedance spectrum under forward bias of +0.3 V.
Insets show the impedance curves for different forward bias in hydrogen.
The symbols show the experimental points and the lines are the simulated
curves for different RCs and their combinations.
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spond to the two interfaces and the bulk. As an illustration,
Z� versus Z� data at �0.3 V are plotted in Fig. 2 using R1C1,
R2C2, and R3C3 networks individually and their possible
combinations. For example, curve 7 obtained by R2C2 occurs
at high frequency end of the spectrum and therefore repre-
sents the bulk properties.9 The other two R1C1 and R3C3
having large �1 and �3 could be associated with the metal-
semiconductor interfaces on two sides of the device. Curve 1
gives the best fit of the data for the entire spectrum range.
The maximum value of �2 is obtained at Vf=+0.2 V which
may be attributed to increased contribution of bulk recombi-
nation.

In Fig. 3, simulated curves for �eff as a function of S are
plotted for different values of �b by using the expression

1

�eff,m
=

1

�b
+

D

d2
m
2 , �3�

where, 
m are the roots of the transcendental equation

m tan 
m=Sd /D. Here subscript m represents the mth root
and; D and d are the diffusion constant and thickness of the
wafer, respectively. The various modes of Eq. �3� are shown
in the inset of Fig. 3 from where it is evident that magnitude
associated with higher modes �i.e., �eff,2� is significantly
small and could not be detected experimentally. Thus, of the
various excitation modes, the fundamental mode �m=1� is
indeed the most significant for the interpretation of our data.
Figure 3 shows that �eff increases and tend toward �b with the
decrease in S. For bulk lifetime �b�100 �s, if S reduces
from �104 to �102 cm s−1, �eff would increase from 10 to
70 �s. Compared to this, the recombination lifetime value
��r=�eff� obtained from the best fitted R and C values at
+0.2 V is �66 �s �shown in Fig. 3�. Thus, we estimate �b
�100 �s for sample S-1. Further increase in forward bias

results in reduction in �2 as can be seen from Table II. This
may be due to voltage drop at the p+-p junction as defined by

�Vhl =
kT

q
ln	1 + 
 ni

NB
�2

exp�q�V − �Vhl�
kT


� , �4�

where S may increase by a factor equal to exp�q�Vhl /kT�
that results in lowering of �eff or �2 values.

The results discussed so far are on a high resistivity
sample S-1. To verify consistency of our results, measure-
ments were done on low resistivity wafers �1 and 10 � cm�
also. The values of lifetime obtained under reverse ��0.5 V�
and forward bias �+0.3 V� in hydrogen are shown in Fig. 3.
As expected11 the low resistivity samples have shorter gen-
eration as well as effective recombination lifetimes and hy-
drogenation increases �eff to the values close to the bulk life-
time of the material as in the case of S-1. For further
verification of our experimental results, measurements on the
samples of the same batch have also been done by micro-
wave photoconductive decay ��-PCD� after surface
passivation.12 All the results are summarized in Table III. A
good agreement is found to exist between our results and
those obtained from �-PCD measurements that allows deter-
mination of recombination lifetime only.

To conclude, IS can be utilized to study carrier lifetime
in silicon by using induced p+-p-n structure and adsorption
of hydrogen at the Pd–Si interface to passivate the surface in
order to reduce surface recombination velocity. Thereby re-
combination lifetime can be determined and which in hydro-
gen ambient is found close to the bulk lifetime. However, the
generation lifetimes obtained in hydrogen are found close to
the values obtained in the vacuum indicating that surface
passivation does not affect the generation lifetime.
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TABLE III. Generation and recombination lifetime values for S-1, S-2, and S-3 under vacuum �Ref. 5� and
hydrogen ambient along with �eff measured �before and after surface passivation� by µ-PCD and NB.

Sample � �� cm� NB �cm−3�

Vacuum �IS� Hydrogen �IS� �-PCD, �eff

�g ��s� �r ��s� �g ��s� �r ��s� Unpassivated Passivated

S-1 1000 1.65
1013 75.3 11.4 74.1 66.1 12.09 68.50
S-2 10 2.89
1015 47.4 9.9 47.9 36.2 10.26 37.51
S-3 1 4.22
1016 22.3 6.5 23.6 17.3 7.14 18.86

FIG. 3. �Color online� Calculated effective lifetime as a function of surface
recombination velocity for different bulk lifetime ��b=25, 50, and 100 �s�.
The error bars show lower and upper bounds of the measured �g and �r for
S-1, S-2, and S-3 under vacuum and hydrogen ambient. Inset shows the first
��eff,1� and the second ��eff,2� roots at different S.
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