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We investigated the photoconductivity effect in p-type Pb1−x Eux Te films for x = 0.01, 0.02, 0.03, 0.05, and
0.06 at T = 300 K. The measurements revealed a clear transition from negative to positive photoconductivity as
the Eu content x is increased at room temperature. This transition is related to the metal-insulator transition that
occurs due to the disorder originated from the introduction of Eu atoms and it is an Anderson transition. Our
investigation found that, from the potential application point of view, the sample x = 0.06 is more suitable, i.e., it
presents an almost noise-free signal and the higher photoconductivity amplitude response. The photoconductive
amplitude response for the sample with x = 0.06 was investigated further in the temperature range of 77–300 K
and, surprisingly, multiple additional transitions were observed with amplitudes that reached around 200 times
the original value before illumination. We show that this anomalous behavior is a consequence of the generation
and recombination rates between the bands and the 4f level and a defect level located inside the band gap.
DOI: 10.1103/PhysRevB.95.075202
I. INTRODUCTION

The phenomenon of photoconductivity has been used as an
important tool to investigate the presence of additional states
within the band structure of semiconductors [1,2] and has provided basic knowledge that allowed the development of photodetector and sensor devices during the past decades [3–5].
Also, the persistent photoconductivity (PPC) effect where the
value of the conductivity does not recover its original values
after the illumination is removed is an important tool to determine the values of trap depths originated from defect states.
Recently, the effect of negative photoconductivity, i.e., the
reduction of the electrical conductivity under illumination,
has attracted some attention due to its potential application
in the development on new photonic devices and nonvolatile
memories with low power consumption [3]. Among the most
recent investigated materials that exhibit the negative photoconductivity (NPC) effect are as follows: MoS2 monolayers
[6], In2 Se3 films [7], silk protein hydrogels [8], films of functionalized metal nanoparticles [9], and antimony sulfoiodide
nanowires [10], just to cite a few examples. Also, NPC is a phenomenon observed in degenerate systems and was observed
in several semiconductors, such as InN [11], PbTe(Ga) [12],
n-PbTe (Ga) [13], Pb1−x Gex Te alloys [14]. In addition, this
phenomenon has been observed in a variety of semiconductor
nanostructures, such as p-type carbon nanotubes, Bi-doped
p-type ZnSe nanowires, n-type InN thin films, etc. [3]. For
most of these materials, the NPC effect is a consequence of
trap levels inside the band gap. For n-type PbTe:Ga films, the
NPC effect was detected at low temperatures (∼4.2 K) and was
described as a result of the generation-recombination processes
in the system in the presence of impurity levels introduced by
Ga [13]. For undoped PbTe samples, spectral photoresponse
experiments showed that a defect level is present within the
energy gap due to the intrinsic disorder generated during the

*

Corresponding author: marcelos@unifei.edu.br

2469-9950/2017/95(7)/075202(7)

sample growth [15]. Recently, it was found that Pb1−x Snx Te
films also present the NPC effect due to trap centers that are
close to the valence-band maximum when Sn content is around
0.40 [16]. For Pb1−x Eux Te alloys here we report about the
positive or negative photoconductivity effect. It is well known
that the introduction of Eu atoms alters drastically the electrical
and optical properties of this heterostructure and one can
expect that this could also play some role in photoconductivity
experiments.
PbTe is a narrow gap semiconductor from the IV-VI family
and is widely used in the fabrication of detectors and sensor
devices operating in the range of visible to infrared radiation.
PbTe samples are in general highly degenerate and present
a metallic like behavior with high carrier mobility at low
temperatures due to its large dielectric constant (ε ∼ 1350 at
4.2 K) [17]. In addition, the physics is further enriched by the
large value of the Landé g factor and the small effective mass;
both of which display considerable anisotropy. Such properties
make PbTe an interesting material for possible applications
in spintronics [17]. As said before, the introduction of Eu2+
ions to form the Pb1−x Eux Te alloy drastically changes the
optical and electrical properties of this compound [18].
The controlled inclusion of Eu content allows for tuning
the fundamental absorption gap over a wide-energy range,
i.e., from Eg = 0.334 eV for PbTe up to Eg = 2.25 eV for
EuTe at T = 300 K [19]. In addition, the increasing in the
Eu content leads to a metal-insulator transition that occurs
around x ∼ 0.05 for p-type samples and around x ∼ 0.1 for
n-type samples [18–20]. Another important consequence of
the introduction of the Eu ions is the formation of the 4f level
below the valence-band maximum for x < 0.06. For x ∼ 0.06,
the 4f level broadens with the valence-band maximum, and
for x  0.06 the 4f level is located in the band gap. Through
optical measurements it was verified that in this situation the
−
original transitions between the L+
6 and the L6 points (valence
and conduction bands, respectively) change to transitions
between the 4f states and the L−
6 point. The influence of
the 4f level on transport properties was investigated, and
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FIG. 1. (a) Normalized photoconductivity curves obtained for p-type Pb1−x Eux Te films for x = 0.01, 0.02, 0.03, 0.05, and 0.06 at T = 300 K
under IR light excitation. This figure shows a clear transition from negative to positive photoconductivity as the Eu content x is increased.
(b) Normalized electrical resistance as a function of temperature for x = 0.01, 0.02, 0.03, 0.05, and 0.06. As expected the metal-insulator
transition can be observed around x ∼ 0.05 (see the text for further explanation).

the strong influence of this level was verified in transport
for insulating p-type Pb1−x Eux Te samples [20]. Regarding
photoconductivity measurements, the influence of the 4f level
was an open question, and we found that not only Pb1−x Eux Te
samples give a high response to light, but also Pb1−x Eux Te
samples present the anomalous negative photoconductivity
effect.
The main goal of this paper is to perform a prospective study
of NPC effect in p-type Pb1−x Eux Te films on both sides of the
metal-insulator transition aiming for possible new applications
in the development of photonic devices that operate from low
temperatures up to room temperature. Although there is a large
amount of studies about photoconductivity in semiconductors,
in special narrow gap semiconductors, little information exists
for p-type Pb1−x Eux Te films. In this paper, we present
photoconductivity measurements for p-type Pb1−x Eux Te for
x varying from 0.01 to 0.06, and we show that a transition
from negative to positive photoconductivity occurs as Eu
content x increases. A detailed analysis was performed in
the sample with x ∼ 0.06, which presented a very clear signal
and the higher amplitude response to infrared radiation for low
temperatures. In addition, anomalous profiles were observed
in different temperature ranges below room temperature,
revealing a strong persistent photoconductivity effect. The high
amplitude response and the nearly noise-free signal reveal a
potential application of insulator films for the development of
optical devices that could operate at low temperatures.
II. SAMPLE STRUCTURE AND EXPERIMENT

In this paper we investigated high quality samples of
p-type Pb1−x Eux Te with x varying from 0.01 up to 0.07. The
samples were grown in a Riber 32P molecular-beam epitaxy
system onto freshly cleaved (111) BaF2 substrates. The films
were grown at a substrate temperature of 208.5 °C during 2 h
with a deposition rate of 3.9 Å/s, resulting in a 2.8-µm layer
thickness. Three effusion cells with PbTe, Eu, and Te2 were

used to grow the samples. Pb (Te) vacancies in PbTe crystals
act as acceptors (donors), therefore it is possible to control the
concentration and the type of carriers through the chalcogen
source flux variation. To provide a p-type sample an excess
of Te2 was maintained during the growth. The flux rates
from the individual effusion cells were measured with an ion
gauge, which is mounted on the sample manipulator and can
be rotated on the substrate growth position. To obtain crystals
with different Eu contents, the ratio between the PbTe and the
Eu flux rates was varied. Hall measurements were performed
in a nitrogen open circuit system, and a 15-T He-cooled
superconducting magnet using an ac current of 1 μA at 10.7 Hz
was used for measurements of transport parameters at low
T (∼4.2 K). An infrared LED with a wavelength of 940 nm and
12 mW/m2 was used for the photoconductivity experiments.
III. RESULTS AND DISCUSSION

Figure 1(a) presents the photoconductivity measurements
performed for p-type Pb1−x Eux Te films for x = 0.01, 0.02,
0.03, 0.05, and 0.06 at T = 300 K. This figure shows a clear
transition from negative to positive photoconductivity as the
Eu content x is increased. For x = 0.06, the photoconductivity
amplitude reaches its maximum saturation value as compared
to the other samples and presents the effect of persistent
photoconductivity as observed in the inset, i.e., the signal
takes several minutes to return to its original value after the
light is switched off (indicated by the arrow). This transition is
related to the metal-insulator transition that occurs due to the
disorder originated from the introduction of Eu atoms [21].
Figure 1(b) presents the electrical resistance as a function
of temperature for x = 0.01, 0.02, 0.03, 0.05, and 0.06.
As expected the metal-insulator transition can be observed
around x ∼ 0.05. For concentrations higher than 0.05, the 4f
level penetrates the energy gap and starts to participate of
the transport mechanism [20]. The positive photoconductivity
effect observed in Fig. 1(a) can be a result of the contribution of
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FIG. 2. (a) Normalized photoconductivity measurements performed for the film with x ∼ 0.06 for temperatures of 77, 100, 130, 150, and
170 K. (b) Decay curves for all temperatures obtained from the measurements presented in (a). (c) Values of the logarithm of the recombination
times as a function of temperature on a logarithmic scale. From a linear fitting, it is possible to obtain the depth trap energy responsible for the
persistent effect, and the obtained value is 19.2 meV (±1 meV).

the 4f level in the generation and recombination mechanisms
when the sample is illuminated. For the metallic samples, the
negative photoconductivity can be a result of the contribution
from defect levels located inside the energy gap [16]. From the
potential application point of view, the sample with x ∼ 0.06
is more suitable, i.e., it presents an almost noise-free signal
and very high amplitude as mentioned before.
Figure 2(a) shows the photoconductivity measurements
performed for the film with x ∼ 0.06 for the temperatures
of 77, 100, 130, 150, and 170 K. Surprisingly, the sample
presented additional transitions and a remarkable response
for IR light, reaching a value 200 times higher than the
original value in dark conditions at T ∼ 77 K. In fact, for
the lower temperatures measured 77 and 100 K when the
light is switched on, we observe an abrupt increase in
photoconductivity. In general, the photoconductivity response
depends on the competition of two mechanisms: the generation
of carriers and the recombination of these same carriers. If
both generation and recombination rates are the same, no
photoresponse can be detected. The photoresponse, negative
or positive, comes from the unbalance of these rates. Hence,
if the generation/recombination ratio increases abruptly as
temperatures decrease an abrupt increase in the photoresponse
would be observed as in Fig. 2(a) at low temperatures. This
will be discussed next. Also, the sample presents a strong

persistent photoconductivity effect for T < 130 K, revealing
the existence of trap levels that are more effective at low
temperatures. Hence, the persistent photoconductivity effect is
also temperature dependent since the carriers remain trapped
for longer times as temperature reduces. The arrows in Fig. 2(a)
indicate the positions when the light was off and where
anomalous peaks are observed. This is because when the light
is switched off, the photogeneration from the defect level and
4f level ceases and only recombination processes continue. In
this situation, empty states that were being generated in these
levels now remain occupied such that recombination from the
conduction band to the defect and 4f levels is drastically
reduced, i.e., there are less empty states to be filled. This
transient regime presents an instantaneous increase in carrier
in the conduction and valence bands, giving rise to the peaks
observed in Fig. 2(a). As the electrons in the trap levels start
to recombine back to the valence band, electrons from the
conduction band start to recombine to the trap levels, and the
peaks vanish. Similar peaks were observed in InN [5] and γ
In2 Se3 [7] films and are related to the influence of defect levels
in the generation and recombination rates.
At low temperatures, the electrons remain longer trapped
in the defect level since the detrapping by thermal energy is
reduced. As a consequence, the conductivity does not recover
its original value but remains at higher values instead.
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One also observes that, for temperatures of 77, 100, and
130 K, the sample presents positive photoconductivity. As
temperature is increased, a transition takes place, and the
sample presents negative photoconductivity for temperatures
of 150 and 170 K. Further increasing in the temperature leads
to a second transition to a positive photoconductivity as that
presented in Fig. 1(a) at 300 K and for x ∼ 0.06.
Figure 2(b) presents the decay curves for all temperatures
obtained from the measurements presented in Fig. 2(a). From
these curves, we can obtain the recombination times using the
expression σ (t) = σ0 exp(− τt ). Figure 2(c) exhibits the values
of a natural logarithm of recombination times as a function
of temperature. It is possible to obtain the trap depth energy
responsible for the persistent effect by fitting the curve in
Fig. 2(c) considering the expression τ = τ0 eε/kB T [11]. The
obtained value is 19.2 meV (±1 meV). This indicates that this
energy is related to a trap level originated from defects and not
from 4f levels since we know the position of the 4f level as
will be see later in the text. Hence, the persistent effect comes
from the defect level and not from the 4f level.
Hall-effect measurements also were performed in order
to further investigate the IR light effect on the transport
properties of the film. Figure 3(a) shows the Hall mobility
under illumination (on) and dark conditions (off). Under dark
conditions as temperature decreases, the mobility increases
in the range of 300–250 K and diminishes between 250
and 200 K. Below this temperature, there is an increase in
the mobility, suggesting that the main scattering mechanism
could be due to acoustic phonons [8]. Under light excitation,
there is no variation on the carriers’ mobility between 200
and 300 K. On the other hand, for T < 200 K, the mobility
clearly decreases under illumination. This decreasing observed
on carrier mobility gives the main contribution to the negative photoconductivity, especially in the temperature region
between 150 and 170 K. Below 150 K, the mobility under
illumination is nearly constant, and the carrier concentration
increasing should be more effective to the transport in this
temperature region. The mobility decreasing is possible in
degenerate systems due to carrier scattering at ionized states
in the trap level [5]. Also, the effect of carrier-carrier scattering
in the conduction band due to the enhancement of the carrier
concentration (by a factor of ∼10000) is possible [22].
Figure 3(b) presents the hole concentration under illumination and dark conditions. Without illumination, carrier
concentration decreases as temperature decreases presenting
the expected behavior for a semiconductor. Under illumination, the carrier concentration follows the same behavior
as that observed in dark conditions when the temperature
decreases from 300 K down to 200 K. Below 200 K, the carrier
concentration is nearly constant but starts to increase below
100 K. This increasing is in the same temperature region where
the huge effect of positive photoconductivity is observed and
where the carrier mobility is nearly constant. This increasing
in the carrier concentration is due to the increasing in the
generation rate in this temperature region as will be seen later.
The normalized electrical resistance is presented in Fig. 3(c)
where it is possible to observe a transition from an insulator
to a metallic behavior when the sample is under illumination.
This transition can be a result of the competition between
the variations observed for the hole and carriers’ mobility

FIG. 3. (a) Hall mobility under illumination (on) and dark
conditions (off). (b) Carrier concentration under illumination and
dark conditions. The profiles observed in both figures reveal the effect
of light at low temperatures (see the text for further explanations).
(c) Normalized electrical resistance. It is possible to observe a
transition from an insulator to a metallic behavior when the sample
is under illumination during the cooling process.

presented in Figs. 3(a) and 3(b). It is important to point out
that values of photoconductivity for temperatures of 170 and
150 K are much larger in Fig. 2(a) than in Fig. 3(c). In addition,
for these temperatures, the photoconductivity is negative in
Fig. 2(a), and this is absent in Fig. 3(c). As discussed earlier,
there is a strong persistent photoconductivity effect that acts
like a “memory effect” for temperatures below 130 K, i.e.,
the system does not recover its original state after the light
is removed (see the arrows). To avoid the influence of this
memory, we performed the photoconductivity measurements
on different days for each temperature presented in Fig. 2(a).
So, before each measurement, the system was cooling down
from room temperature until the desired temperature. For Hall
measurements present in Fig. 3, each point was measured
on the same day with the light turned on during the whole
time, starting from 77 K up to 300 K (open circles). The
effect of memory, in this case, is present at low temperatures
and can persist up to temperatures higher than 130 K. This
memory effect contributes with a positive component to the
conductivity (reduction of electrical resistance), and hence,
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the total effect of the memory is to pull down the resistance
curve presented in Fig. 3(c). In this situation, this effect can
suppress the NPC effect observed in Fig. 2(a) for 150 and
170 K. In addition, it is possible that oxidation processes
had played an important influence in the Hall measurements.
The time interval between the photoconductivity and the Hall
measurements was about 2 months. Oxidation processes in this
time interval can reduce sample resistivity in several orders
of magnitude depending on the temperature region [23]. For
the sample with x ∼ 0.06, the average electrical resistance
was ∼230 k during photoconductivity measurements and
∼130 k during Hall measurements at 77 K. This resistance
decreasing could also contribute to suppression of resistance
increasing due to light.
The total variation of electrical conductivity is the contribution of the individual variations in valence and conduction
bands due to the generation of electron-hole pairs under
illumination,
σ = e(μn n + μp p),

(1)

where μn and μp are the electrons’ and holes’ mobility and
n and p are the density of excess of electrons and holes,
respectively. In the presence of trap centers, p becomes
p = n + nd ,

(2)

where nd is the density of electrons trapped at the defect
sites.
The generation and recombination rates from a level
i(= d or 4f for defect or 4f level) to the valence/conduction
bands can be derived according to the expressions given in
Ref. [15] such that the equations for the ratios between the
generation and the recombination rates considering the 4f
level are
gv4f /r4f v =

 E −ε 
(N4f − n4f )Nv exp − gkB T4f

g4f c /rc4f =

pn4f
 ε 
n4f Nc exp − kB4fT
n(N4f − n4f )

,

(3)

(4)

,

and the equations for the ratios between the generation and the
recombination rates considering the defect level are


nd Nc exp − kεBdT
,
(5)
gdc /rcd =
n(Nd − nd )
gvd /rdv =

 E −ε 
(Nd − nd )Nv exp − kgB T d
pnd

,

(6)

where Ni is the density of the defect centers, ni is the
density of states occupied by electrons, and Nc and Nv
are the effective density of states in the conduction and
valence bands, respectively. The number of defects Ni can
be estimated from magnetoresistance (MR) measurements. It
is well known that for disordered systems MR can present a
linear behavior instead of parabolic one [24]. The theoretical
prediction is that the MR will behave linearly in magnetic-field
B according to the expression [ρ(B,T ) − ρ(0,T )]/ρ(0,T ) =
Ni B/π n2 eρ(0,T ). Hence, from the slope of the MR curve,

one can extract the value of Ni .The inset in Fig. 3(c) shows
the MR curve for a p-type Pb1−x Eux Te sample with x = 0.06
at 4.2 K. The MR clearly presents linear behavior for B > 3T.
From the slope obtained from a linear fitting (solid line) we
obtained Ni ∼ 5 × 1017 cm−3 where we used the values of
ρ(0,4.2 K) = 59  cm and n ∼ 1016 cm−3 .
It is not possible to know precisely the contribution from
the 4f level and defect level to the total value of Ni ∼ 5 ×
1017 cm−3 . We made an approximation considering N4f =
Nd = Ni /2. If, for instance, we consider the contribution of
75% from the defect level and 25% from the 4f level, the final
result does not change considerably. In fact, the amplitude of
the ratios changes less than 1%.
In order to estimate the number of occupied states (nd
and n4f ) we used the Fermi-Dirac distribution fi (x,T ) =
1/{e[εi −εF (x)]/kB T + 1}, where εi assumes the values of 19.2
and 461.8 meV for the defect level and 4f level, respectively. The position of the 4f level can be calculated using
the relation ε4f (x) = (0.34 + 2.03x), which is valid under
the interval 0.06 < x  0.60 [19]. For the Fermi energy,
we used the parabolic approximation εF (x) = h̄2 kF2 /2mD .
For the effective mass mD one has to take into account the anisotropy of the masses such that mD (x) =
42/3 [ml (x)mt (x)2 ]1/3 , where ml (x) = (0.213 + 3.23x)me is
the longitudinal mass and mt (x) = (0.0207 + 0.453x)me is
the transversal mass with me being the electron mass [25].
We obtain mD (0.06) = 0.246me . We calculate the Fermi
wave number from the relation kF = (3π 4 n/4)1/3 [18]. We
took an average of the distribution values between 300 and
77 K such that we have [fd (0.06,300) + fd (0.06,77)]/2 =
0.15. Hence, we used nd ∼ 0.15Ni /2. For the 4f level we
have [f4f (0.06,300) + f4f (0.06,77)]/2 = 0.30. Hence, we
considered n4f = 0.30Ni /2. The energy gap as a function of
temperature was calculated using the expression Eg (x,T ) =
(189,7 + 0,48T 2 (1−7,56x)
+ 4480x) [17].
T +29
The relation gv4f /r4f v is presented in Fig. 4(a) calculated
using Eq. (3) in the range of 77–300 K. The curve increases as
temperature decreases from 300 K down to 250 K, indicating
a high generation from the valence band to the 4f level.
This leads to an increase in conductivity in the valence
band due to the excess of holes. As T decreases below
250 K, one observed a decreasing in the ratio indicating that
the recombination process becomes more effective, giving a
contribution to the NPC effect. In this same figure, we plot
the relation gdc /rcd using Eq. (5). For high temperatures,
the recombination from conduction band to the defect level
is much higher than the generation from the defect level to
the conduction band. This indicates that this process gives no
positive contribution to conductivity. However, as temperature
decreases below ∼230 K, there is a significant increase in
the relation gdc /rcd , which gives a positive contribution to
the conductivity. Figure 4(b) shows the calculated values
for the relation g4f c /rc4f using Eq. (4). From this figure,
one observes that the recombination from conduction band
to 4f level is more effective than the generation from the
4f level to the conduction band in the whole range of
temperatures investigated. This indicates that this mechanism
gives a negative contribution to the conductivity and can
be one source of the NPC effect. Figure 4(c) presents the
ratio gvd /rdv calculated using Eq. (6) and shows that the
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process 3 contributes to the NPC effect. This process 3 is
relevant only for temperatures below ∼230 K as observed in
Fig. 4(a). In the lower inset, process 1 is similar to process
1 in the last case. The recombination from the defect level
is indicated in process 2, which seems to dominate over the
generation according to Fig. 4(c). For this process, when light
is switched off, the recombination diminishes, which also
contributes to the peaks observed in the curves indicated by
the arrows in Fig. 2(a). This transient process vanishes in a
very short period of time. Process 3 indicates the generation
from the defect level to the conduction band. According
to calculated values (solid curve), process 3 becomes more
relevant as temperature decreases. To summarize, the positive
contribution dominates for temperatures higher than 200 K
due to the excess of holes generated in the valence band
(high value of gv4f /r4f v ). Below ∼230 K down to 150 K,
approximately, the negative photoconductivity dominates due
to the low relation gv4f < r4f v and due to the reduction of
carrier mobility as discussed earlier. In the temperature region
of 77–150 K, approximately, the positive photoconductivity
takes place again with an amplitude hundreds of times higher
than those observed close to room temperature, mainly caused
due to the excess of electrons in the conduction band (high
values of gdc /rcd ).
FIG. 4. (a) The ratio gv4f /r4f v calculated using Eq. (3), and the
ratio gdc /rcd calculated using Eq. (5) in the range of 77–300 K.
(b) Calculated values for the ratio g4f c /rc4f using Eq. (4).
(c) Calculated values for gvd /rdv using Eq. (6). The insets present
a pictorial representation of the generation and recombination
processes (see the text for further explanation).

recombination from the defect level to the valence band is
more effective than the generation from the valence band
to the trap level. This process also gives a contribution to
the negative photoconductivity. Clearly, there is a competition
between the processes which results in the different profiles
of photoconductivity observed in Fig. 2(a). In order to show
a pictorial description of the processes describe above, we
present in the insets of Fig. 4(a) a simplified diagram of the
generation and recombination rates. The upper inset shows
the generated electrons from valence band to conduction band
under light excitation indicated by process 1. This process
naturally gives rise to a positive photoconductivity, commonly
observed in semiconductors. Electrons also are excited to
the 4f level, leaving additional holes in the valence bands
(process 2). After some time, electrons recombine back from
the 4f level to the valence band (process 3). Processes 1
and 2 contribute to a positive photoconductivity, whereas
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