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An observation of photoconductivity in a homonuclear semimetal (bismuth) is reported. The
effect is observed when bismuth films of different thicknesses are irradiated with 1.064-um laser

pulses.

The sign and the temporal evolution of the resistivity change induced in the films are

studied. An anomalous resistivity change due to laser heating is observed in the thickest film. A
theoretical interpretation that explains and fits the experimental behavior well is given. The results
support the predictions of a previously reported model that required the pumping of carriers into a
metastable band by the laser light. The sum of the mobilities and of the diffusion coefficients for

electrons and holes in this band are also estimated.

I. INTRODUCTION

Recently, an anomalous photoinduced effect in metal
films has been reported. Current-biased samples were
irradiated with short laser pulses and transient nanosec-
ond voltages were measured. No complete and consis-
tent explanation of the effect was given and, particu-
larly, the possibility of a photoconductive effect was not
considered.! On the other hand, time-resolving photo-
conductivity has been fairly well observed in different
semiconductors.? 3

In previous publications we observed the anomalous re-
sponse of bismuth films to irradiation with laser pulses.
Thus, the Nernst-Ettingshausen effect induced by 1.064-
pm laser pulses in bismuth films showed an unexpected
behavior with the magnetic field and a classical dimen-
sional effect with thickness.®” A theoretical study was
carried out to explain the temporal evolution of the
thermomagnetic response of 5.5-ym bismuth films. A
good fit to the experimental response was achieved only
if an additional source term was included in the heat-
diffusion equation: the one given by the electrons op-
tically pumped to metastable states.® Further evidence
of the existence of a metastable band was provided by
the observation of the thermoelectric response of 5.5-
pm bismuth films to two laser light wavelengths. The
results were completely consistent with the metastable
band hypothesis.® All of these works are in complete
agreement with the spectroscopic observations of other
authors that found in Bi a band peaked at 0.6 eV and an
absorption edge for optical transitions located at about
0.3 eV, that is, below the 1.064-um photons energy.'013

The above-mentioned studies clearly show that the
transport properties of the film change during irradia-
tion. If optical pumping of carriers to a metastable con-
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duction band is taking place, a transient photoconduc-
tivity effect must be detected in real time. As far as we
know, photoconductivity has not been detected in intrin-
sic homonuclear conductors.

In this work, we report the measurement of transient
photoconductivity induced by laser pulses in bismuth
films with thicknesses 0.19, 0.95, and 4.3 um. The laser
irradiation produces a resistivity decrease for the three
thicknesses. This result in the thickest film, where a
temperature increase should produce a conductivity de-
crease, rules out a simple laser heating effect as the only
process taking place in the irradiated films. In order to
explain the sign as well as the temporal evolution of the
resistivity changes observed in the films, two different ef-
fects have to be considered. The first is the mentioned
increase of the carriers density in a metastable conduc-
tion band due to an optical pumping. The second is
a surface effect as a consequence of the inhomogeneous
heating of the sample. This last effect gives rise to a
resistivity decrease even in the thickest film. With this
interpretation, a good fit to the experimental registers is
obtained. From the fit we estimate the sum of the elec-
trons and holes mobilities in the metastable conduction
band as well as the sum of their diffusion coefficients.

II. EXPERIMENT

Films were grown on glass substrates by vacuum evap-
oration (10~¢ Torr) of 99.9999%-pure Bi. Before evap-
oration the substrates underwent a standard process of
ultrasound cleaning. The film thickness was controlled
by a quartz-crystal monitor during evaporation and later
confirmed by a surface-profile analyzer. Samples of 0.19,
0.95, and 4.3 pm were evaporated at room temperature.
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Bismuth films evaporated on glass substrates have a mi-
crocrystalline structure, the trigonal axis being perpen-
dicular to the substrate and the binary axis being ran-
domly oriented.®

The films were irradiated with a @ switched and polar-
ized Nd-YAG laser. A typical impinging laser pulse had
a temporal width between 15 and 20 ns. The energy is
assumed to be evenly distributed over a transversal sec-
tion of ~ 14.0 + 1.5 mm?, where the sample was placed.
The energy was attenuated by the joint effect of three
or more neutral filters down to energy densities of ~ 75,
55, and 20 J/m? for 4.3-, 0.95-, and 0.19-um films, re-
spectively. The precision of the energy density values is
affected by the uncertainty in the energy distribution on
the laser spot area and of the transmission coefficient of
the neutral filters stack. This uncertainty could attain a
maximum value of ~ 30%.

A beam splitter was used to divide the laser beam. The
first of these beams was detected by a < 1 ns-rise time
photodiode to be used as a monitorizing signal. This
first beam was also used to synchronize a transient pro-
grammable digitizer, its 3-dB bandwidth being 600 MHz.
The second beam fell perpendicularly on the film sur-
face. The electrical signals generated in the film were
registered in the mentioned digitizer.

Transient resistivity changes were measured by a four-
points method with time-resolving capability. A small
change in the sample resistance AR will produce a signal

AR R,
AVb_‘/bRRe-FR’ (1)
where V, is the voltage across the sample produced by
the bias current intensity and R, is the equivalent resis-
tance of the bias generator internal resistance connected
in parallel with the oscilloscope input impedance.

The films were biased by a long current pulse (=~ 100
ps width) synchronized with the laser pulse. The cur-
rent intensity was less than 0.5 A. This current would
produce a maximum temperature increase of 5 K, which
corresponds to the case of the thinnest film. But, during
the typical duration of the measurement (500 ns), this
temperature increase is always below 0.01 K. Then, the
sample temperature can be taken essentially independent
of the bias current in the measurement time scale. The
room temperature during the measurements was 295 K.
In order to measure the resistivity changes induced by the
laser light, the film bias signal was filtered through a ca-
pacitor in series. This allowed us to eliminate the slowly
varying signals and to measure the fast signals on a more
sensitive scale. The signals generated in the films passed
through the capacitor and were finally registered in the
transient digitizer. All the transmission lines were coax-
ial and impedance matched at 50 Q2. A detailed study of
this setup can be found in Ref. 14.

III. RESULTS

As is well known, the resistivity of bulk bismuth in-
creases steadily with the temperature.15:16 Nevertheless,
the resistivity of bismuth films decreases or increases as
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temperature increases depending on the film thickness as
well as on the temperature range. Usually, the resistiv-
ity exhibits a broad minimum at a certain temperature.
This temperature depends on the film thickness. Since
from the available literature data it is not clear what
would be the foreseeable behavior for our particular set
of bismuth films,'72% we measured the temperature de-
pendence of resistivity for different thicknesses. Figure 1
shows the plot of resistance versus temperature for films
with thicknesses of 0.22, 1.2, and 4.3 um. The evapo-
ration conditions for these films were those described in
Sec. II. As it can be observed, between 290 K and 330
K, the resistance of the 0.22-pm (4.3-um) film decreases
(increases) as temperature increases. The resistance of
the 1.2-uym film shows a minimum in this temperature
range. This behavior has to be known in order to inter-
pret the results obtained when the films are irradiated
and described hereafter.

The real temporal width of the photoinduced signal
is somewhat longer than the one registered due to the
filtering through the series capacitances. The distortion
introduced by the filtering system can be eliminated inte-
grating the registered signal AV (¢) in the following way:

"AV(Y)
AVy(t) = AV (t) + | RoC dt’, (2)
where AVj(t) would be the real induced signal, Ry is the
oscilloscope impedance, and C the total capacitance of
the filter plus the preamplifier.?6

The film response to the laser pulse AV;(t) is shown in
Figs. 2(a), 3(a), and 4(a) for each sample. Curves have
the maximum value normalized to unit. The plotted sig-
nals correspond to the mean value of five measurements.
In order to cancel the small transverse thermoelectrical
signals of the films, each measurement is the difference
between two individual registers, one taken with a given
direction of the bias current and the other taken with
the bias current in the opposite direction.® In spite of
the electrical isolation given by the Faraday cage, some
repetitive stray field and line reflections modulate the
registered signal. This is due to the mismatch between
the sample and the coaxial line impedances. The peak
of the relative resistivity change for each film is obtained
substituting the voltage change measured in the maxi-
mum of AV, in Eq. (1). Table I collects these peak val-
ues Apy,/po, where pg is the resistivity of the film before
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FIG. 1. Resistance versus temperature for (
(- —--) 1.2-pm, and (- - - -) 0.22-ygm Bi films.
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TABLE 1. Parameter values used in the calculations and in the fits for each film.

d Apm/po Apm/po by bs po Appm/po  Te/(me/mo)+
(um) (Experimental) (Calculated) (2 m) Th/(my, /mo)(s)
4.3 -1.5x1073 -1.8x1073 0.68 0.44 1.20x107% -7.8x10"%  1.2x10715
0.95 -6.5%x1073 -5.8x1073 0.87 0.30 1.35x107°% -1.7x107% 0.75%x107!%
0.19 -2.9%x1072 -1.5x1072 0.66 0.38 2.0x107% -5.6x10"% 0.83x107!5

irradiation. As can be observed, all the films’ responses
correspond to a negative resistivity change. This result
in the 4.3-pm film clearly shows that the laser light is
producing an effect opposite in sign to the one expected
by a simple heating of the film.

IV. THEORETICAL INTERPRETATION

When the Thévenin equivalent of the film is calculated,
an internal resistance is found given by

R=(/(;d1£:—)da:)—l, 3)

where d is the film thickness, o(z) is the electrical con-
ductivity of the film, x is the coordinate along the beam
direction, and c is an adimensional geometrical factor.®

As it has been mentioned, we have previously observed
that when a bismuth film is irradiated with 1.064-pm
photons, carriers are pumped to a metastable conduction
band.®? Since the laser radiation produces a temperature
increase and a nonthermal enhancement in the free carri-
ers density, the electrical conductivity at a given instant
t can be written as

o(z,t) = o9 + Ao(z,t), (4)
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FIG. 2. Temporal evolution of the resistivity change for the

4.3-pm Bi film. (a) ( ): Experimental response; (- - - -):
theoretical response given by Eq. (18); (b) ( ): App;
(----) Aps; (- - -): Apa. The curves are normalized

to unit.

where o¢ is the film electrical conductivity at room
temperature and Ao (z,t) is the electrical conductivity
change due to the laser irradiation. As this change is
very small we can approximate the variation of the resis-
tivity as follows:

Ap(t) _ ¢ Ao(z,t)
) = 1/p0 = 1/0) = - [ e @

The conductivity change Ao (z,t) is assumed to be due
to two different effects: the heating of the film and the
presence of carriers in the conduction metastable band.

A. Optically pumped carriers effect

The temporal evolution of the pumped carriers density
is given by

n(z,t) = ne(z,t)

¢0 exp—éz/d

hl/L
t
8 / f(¢') exp=(t=t)5m gy,
0

Aw, 6
d(1 —exp=?) [ f(t)dt’

= np(z,t) =

o = (6)
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FIG. 3. Temporal evolution of the resistivity change for the
0.95-pm Bi film. (a) ( ): Experimental response; (- - - -):
theoretical response given by Eq. (18); (b) ( ): App;
(----): Ape; (- - -): Apa. The curves are normalized
to unit.
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FIG. 4. Temporal evolution of the resistivity change for the
0.19-pm Bi film. (a) ( ): Experimental response; (- - - -):
theoretical response given by Eq. (18); (b) ( ): App;
(----) Aps; (- - -): Apa. The curves are normalized
to unit.

where ne(z,t) and np(z,t) are the density of pumped
electrons and holes respectively, § = d/zr, where z, is
the attenuation distance of the laser radiation in the ma-
terial, f(t) the temporal profile of the laser pulse, hvy,
the photon energy, A the absorption coefficient, S, the
recombination rate of the pumped carriers, and w, is the
energy density per unit of area and per pulse.® To evalu-
ate n(z,t), the following parameters were used: zy = 20
nm, A = 0.33, and S;! = 57 ns.??” This calculation
yields values for n (z 2 10zz, 300 ns > t > t,) always
bigger than 1022 m~3, ¢, being the laser-pulse half width.
This means that local thermodynamic equilibrium can be
assumed.?® Thus, the conductivity change due to the op-
tically pumped carriers can be written in this way:

Aop(z,t) = oe(z,t) + on(z,t)

e? Te T )
= — + n(z,t) , 7
mo (m;/mo m}, /mg (2,%) (7)

where the subscripts e and h refer to electrons and holes,
respectively, e is the absolute electron charge, mg is the
rest electron mass, and 7 and m* are the relaxation time
and the effective mass, respectively. Using Eq. (5), we
have the corresponding resistivity change:

2 d
M0 (5 n ),
pé mo \m%/mo m}/mo) Jo d
(8)

Figures 2(b), 3(b), and 4(b) show that Ap,(t) is
negative in the three films, as the measured resistivity
changes, but its temporal evolution does not follow the
temporal evolution of the induced signals.
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B. Thermal effect

As is well known, a change in the sample conductivity
due to a temperature change is given by

Aoy(z,t) = aAT (z,t) , (9)

where @ = do/dT and AT(z,t) is the temperature
change of the film at a given instant ¢ and at any po-
sition . The temperature distribution is the solution of
the known heat-diffusion equation:

or o*T
/ o
pcpat =¢ +Ktam2 ’ (10)
where p’ is the mass density, c, the specific heat, K; the
thermal conductivity, and ¢’ the source term that can be
written as

@' = ¢o exp(—dz/d)f'(t) , (11)

with f'(t) expressed by

£t = (1 - E—"‘) 0

hl/L
Em ‘ ’ ! !
+ES"‘/0 F(') exp[—Sm(t — t')]dt’ (12)

where E,, is the average recombination energy of the
pumped carriers. The source term ¢’ takes into account
the effect of the heat liberated during the time that the
recombination of pumped carriers takes place.®>? We have
solved this equation by means of a standard numerical
method where the heat diffusion through the substrate
has been considered.?® In this calculation, we have used
the experimental register of the laser pulse for f(t) and
taken E,, ~ 0.64 e¢V.%° Under our experimental condi-
tions, the rise of temperature is always below 30 K, even
near the film surface. Figure 1 shows that « is practically
constant in the measured temperature range, so we can
write

d
Aptz(t) = —a/ ——————-—AT(w’t) dz . (13)
Po 0 d

The described calculation gives the temporal evolution
of the resistivity change Ap; shown in Figs. 2(b), 3(b),
and 4(b). It must be noticed that o is negative for the
thickest film.

The solution of the heat-diffusion equation without
considering the effect of the metastable band carriers re-
combination, yields a temporal evolution of the thermal
resistivity change quite different from the measured one
for each film.

When comparing Figs. 2(a) and 2(b), it is easily ob-
served that the measured resistivity change cannot be
fitted by the addition of the two contributions given by
Eqgs. (8) and (13). Obviously, the thermal contribution
given by Eq. (13) cannot account for the experimental
behavior of the resistivity change either. The temporal
profiles shown in Fig 2(b) suggest that, in order to obtain
the experimental evolution of Ap in the thickest film, an
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additional and unexpected negative contribution besides
Apy is taking place in the phenomenon. We must note
that the laser pulse does not heat the sample in a ho-
mogeneous way and that in the neighborhood of the film
surface a conductivity size effect is foreseeable. Thus,
it can be expected that this temperature increase gives
a different contribution than that of Eq. (13), which ig-
nores a possible size effect.

To prove the realibity of this interpretation we pro-
pose a simple model. The film is roughly divided into
two parts: a superficial and hot slice of thickness d,(t)
and the rest of the film at room temperature. We take
d,(t) as the depth where the temperature increase is the
ratio AT, (¢)/2 and where AT,,(t) is the maximum tem-
perature increase (see Fig. 5). The main thermal-induced
resistivity change would take place in this thin slice. In
this model, we assume that the coefficient o is one of
a film of thickness d,(t). Thus the sample resistance R
would be the equivalent of two resistances associated in
parallel

1 _ dOloo+ A0u(t)] |, [d- du(®)oo
R c c

3 (14)

where Ao,(t) is the conductivity change in the hot slice.
Here we can take Ao,(t) ~ a(d,)ATs(t), where AT,(t)
is the mean temperature increase in the thickness d,.
A simple calculation leads to an anomalous thermal-
induced change in the resistivity given by

Apq(t

Lp,a,(—) = —a(d, () AT, (t)d, (t)/d . (15)

From the current literature, it is possible to find the be-
havior of a with the film thickness. The experimental
data of other authors!> 25 and those obtained from our
resistance versus temperature measurements are plotted
in Fig. 6. An empirical expression for a that fits the
behavior of the collected data with thickness is

=) (16)

a2d+1

a(d) = ao (1 +

where oy is the corresponding coefficient for the bulk ma-
terial at room temperature and a; and a; are fitting pa-
rameters. Some authors give theoretical expressions for
a(d) that fit their own experimental data measured in a
very narrow range of thicknesses well.22% In both cases

To+AT,
Substrate
To+ATn/2
To
0 ds d X

FIG. 5. Temperature distribution along the film thickness

at a given instant. T is the film temperature before irradia-
tion.
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their expressions do not account for the value of a corre-
sponding to thick films and bulk material. Equation (16)
agrees with the behavior of a(d) for thick films predicted
by the Fuchs-Sondheimer theory well.3® The curve a(d)
drawn in Fig. 6 corresponds to a fit with a; ~ —1.16,
az ~ 6.83 x 10* m~! and with a value ap ~ —3.7 x 103
Q 'K~! m~!, which is the average of five reported
values.1%:16:25,31,.32 The function a(d) changes in sign at
a thickness ~ 2.3 pym.

Introducing a(d) in Eq. (15) and calculating AT,(t) by
means of Eq. (10), we obtain Ap,(t). Figure 2(b) shows
this result for the 4.3 um film. This contribution to the
resistivity change is negative, but does not follow the
temporal evolution of the measured resistivity change.

Nevertheless, a good fit to the experimental results is
achieved if the contributions given by Egs. (8) and (15)
are both considered:

Ap(t) = Apa(t) + Dpy(t) - (17)

As we have normalized the resistivity changes to unity,
it is convenient to rewrite Eq. (17) in the form:

Ap(t) _, Apa(t) Apy(t)

= +b ,
|Apm| ! | Apam| 2 ,ApPMI

(18)

where

Apam

bl:’Apm

Ap
by.= | -2 | 19
|3 (19)

and App,, Apam, and App,, are the peak values of Ap(t),
Apq(t), and Apy(t), respectively.

The final fit to the experimental resistivity change at-
tained with Eq. (18) in the 4.3-um film can be seen in
Fig. 2(a). Figures 3(a) and 4(a) show this same fit for
the rest of the films. The particular contributions Ap;(t),
Apq(t), and Apy(t) are given in Figs. 3(b) and 4(b). The
values b; and b, obtained from the fits are listed in Ta-
ble 1.

Observing Figs. 3 and 4, it is clear that the temporal
evolution of the experimental resistivity change in the
corresponding films cannot be explained only by the ef-
fect of the sample heating. In order to explain these
profiles, it is necessary to consider the conductivity en-
hancement produced by the pumped carriers. On the

2000

—
log(d(m))

FIG. 6. The coefficient o versus log,o(d). (X): col-
lected data from the literature; (o): measured data; ( ):
a(d) = ao[l + a1/(azd + 1)], being a9 ~ -3.7 x 10°
Q'K 'm™,a; ~ —1.16, and az ~ 6.83 x 10* m™'.
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other hand, the thermal temporal evolutions predicted
by Eq. (13) and those predicted by Eq. (15) are practi-
cally the same for the film of 0.19 yum and slightly differ-
ent for the 0.95-um film. This is due to the fact that the
thinner the film is, the more uniform the spatial temper-
ature distribution is and the shorter the time in which d,
becomes equal to the film thickness is.

Making use of Eq. (15) and taking po from the
literature,!5:19:24.33:34 Ap . /p; can be evaluated. With
the value Apgm/po and those of by and b, for each partic-
ular film, and comparing Egs. (17) and (18), the values
App/po and Appm/po can be calculated. Table I shows
that the peaks of the resistivity changes Ap,,/po thus
calculated are similar to the measured ones. The dis-
crepancies can be explained by the uncertainties in the
measurement of the energy densities except perhaps in
the case of the 0.19-pym film. For this film the value of «
given by Eq. (16) is @ ~ 530 Q@ 'K~ m~!, much lower
than the one measured by us o ~ 820 Q1K 1m™! for
a similar film. Using the measured value of a we obtain
Apm/po =~ —2.3 x 1072, which is closer to the experi-
mental value.

Substituting the values of Appm/po in Eq. (8), we can
obtain 7./(m?/mo) + Th/(m},/me) (see Table I). To do
this calculation, the use of pp and w, is not necessary.
Averaging the three values obtained we can estimate the
sum of the pumped carriers mobilities

+ e < Te + Th )
He TR = g \(mz/mo) * (mj,/mo)
~1.6x107*m?V~1s71 . (20)

Bearing in mind Einstein’s relation, the diffusion coeffi-
cients of the pumped carriers are obtained in the form:

KpT
De+Dp = =2 (e +pn) ~4x10"%m?/s. (21)
€

The estimation given in Eq. (20) means that both mo-
bilities are much lower than those of the intrinsic bismuth
carriers.21:22:31,35,36 The same argument is applied to the
diffusion coefficients. This result supports the assump-
tion, made in a previous work, that during the recombi-
nation time the slowest kind of pumped carriers, at least,
does not spread excessively.®

Recently, several works have been published that deal
with the band structure of bismuth. The metastable
band which we have referred to in this work and in previ-
ous ones, could be identified in principle with one of the
three following bands: Ty, Ty, or T;5.37 All these bands,
as well as the valence band T, have their origin in the
Hartree p level of the atomic structure. Thus any of the
direct transitions between two of these bands violates the
selection rule Al = +1 and some degree of metastabil-

ity can be expected. Theoretical calculations establish
the edge of the Ty, Ty, and T, bands in 0.77, 1.11,
and 1.50 eV, respectively,3” or in 0.49, 1.00, and 1.33 eV,
respectively,® all the values above the Fermi level. These
theoretical calculations are usually performed to fit the
overlap between the L, and T, bands (where electrons
and holes lie), the predictions for the excited states being
less precise.

There are some experimental data about a band ab-
sorption edge in bismuth although they present a large
dispersion. Thus, Omaggio et al.® find the T; band edge
at 0.407 eV by infrared magnetotransmission measure-
ments. High-resolution electron-energy-loss spectroscopy
studies give a value of 0.20 eV for the same band edge.*’
An absorption edge in the range 0.17-0.30 eV has been
found from spectroscopic measurements.!®713 These val-
ues could correspond to the absorption edge of the T
band.

In our experiment, we irradiate the samples with 1.17-
eV photons and probably excite electrons from the Fermi
level of the T,; band to high levels of the T band or,
perhaps, to levels of the Ty band. From our experimen-
tal results, the average recombination energy of excited
carriers to the T, band is about 0.6 eV.®? This implies
that a cascade of very fast intraband nonradiative transi-
tions takes place before the recombination. Then it seems
reasonable to assume that the main part of the recom-
binations takes place from the levels of the lower band
T

V. CONCLUSIONS

A transient conductivity change has been measured
in bismuth films of different thicknesses by excitation
with 1.064-um laser pulses. The experimental results re-
veal that photoconductivity is being induced and that an
anomalous resistivity change produced by the laser light
heating is taking place in the films. The measured resis-
tivity changes have been well explained by a theoretical
interpretation that takes into account the enhancement
of carriers in a superior metastable band and the influ-
ence of a surface effect due to the inhomogeneous heating
of the films. From the fitting between the theoretical and
the experimental results, a rough estimation is given for
the sum of the mobilities and the sum of the diffusion
coefficients of electrons and holes in the metastable con-
duction band.
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