
Investigation of negative photoconductivity in p-type Pb1-xSnxTe film

M. A. B. Tavares, M. J. da Silva, M. L. Peres, S. de Castro, D. A. W. Soares, A. K. Okazaki, C. I. Fornari, P. H. O.
Rappl, and E. Abramof

Citation: Appl. Phys. Lett. 110, 042102 (2017); doi: 10.1063/1.4974539
View online: http://dx.doi.org/10.1063/1.4974539
View Table of Contents: http://aip.scitation.org/toc/apl/110/4
Published by the American Institute of Physics

Articles you may be interested in
 The role of bandgap energy excess in surface emission of terahertz radiation from semiconductors
Appl. Phys. Lett. 110, 042101042101 (2017); 10.1063/1.4974479

 Electrical properties of Si-doped GaN prepared using pulsed sputtering
Appl. Phys. Lett. 110, 042103042103 (2017); 10.1063/1.4975056

 Optical generation of pure spin currents at the indirect gap of bulk Si
Appl. Phys. Lett. 110, 042403042403 (2017); 10.1063/1.4974820

Mid-IR colloidal quantum dot detectors enhanced by optical nano-antennas
Appl. Phys. Lett. 110, 041106041106 (2017); 10.1063/1.4975058

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/281601297/x01/AIP-PT/APR_APLArticleDL_022217/APRconf_1640x440Banner_12-16B.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Tavares%2C+M+A+B
http://aip.scitation.org/author/da+Silva%2C+M+J
http://aip.scitation.org/author/Peres%2C+M+L
http://aip.scitation.org/author/de+Castro%2C+S
http://aip.scitation.org/author/Soares%2C+D+A+W
http://aip.scitation.org/author/Okazaki%2C+A+K
http://aip.scitation.org/author/Fornari%2C+C+I
http://aip.scitation.org/author/Rappl%2C+P+H+O
http://aip.scitation.org/author/Rappl%2C+P+H+O
http://aip.scitation.org/author/Abramof%2C+E
/loi/apl
http://dx.doi.org/10.1063/1.4974539
http://aip.scitation.org/toc/apl/110/4
http://aip.scitation.org/publisher/
/doi/abs/10.1063/1.4974479
/doi/abs/10.1063/1.4975056
/doi/abs/10.1063/1.4974820
/doi/abs/10.1063/1.4975058


Investigation of negative photoconductivity in p-type Pb1-xSnxTe film

M. A. B. Tavares,1 M. J. da Silva,1 M. L. Peres,1 S. de Castro,2 D. A. W. Soares,1

A. K. Okazaki,3 C. I. Fornari,3 P. H. O. Rappl,3 and E. Abramof3
1Instituto de F�ısica e Qu�ımica, Universidade Federal de Itajub�a, Itajub�a, MG CEP 37500-903, Brazil
2Departamento de F�ısica, Universidade Federal de S~ao Carlos, S~ao Carlos – SP 13565-905, Brazil
3Laborat�orio Associado de Sensores e Materiais, Instituto Nacional de Pesquisas Espaciais,
S~ao Jos�e dos Campos, PB 515, SP CEP 12201-970, Brazil

(Received 25 October 2016; accepted 10 January 2017; published online 23 January 2017)

We investigated the negative photoconductivity (NPC) effect that was observed in a p-type

Pb1-xSnxTe film for temperatures varying from 300 K down to 85 K. We found that this effect is a

consequence of defect states located in the bandgap which act as trapping levels, changing the

relation between generation and recombination rates. Theoretical calculations predict contributions

to the NPC from both conduction and valence bands, which are in accordance with the

experimental observations. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974539]

PbTe compounds have been used for the development of

infrared photodetectors and diode lasers1,2 over the decades.

In addition to the technological applications, PbTe based

structures are much suitable for research in basic physics, i.e.,

it was verified that there existed strong spin-orbit coupling in

films and nanostructures, which indicates that such materials

are good candidates for spintronic devices.3 Introduction of

Sn atoms makes this material even more interesting for prac-

tical applications as well as from the basics physics point of

view. According to the band inversion model,4 the gap of

Pb1–xSnxTe decreases as Sn composition increases and van-

ishes for an intermediate alloy composition. Further increase

in Sn concentration leads to the band inversion, and the

energy gap starts to increase up to the SnTe value. The tem-

perature at which band inversion occurs depends on the Sn

content. For example, for x� 0.44, the bands are inverted at

�60 K. Very recently, it was discovered that in the region of

band inversion, transition from metallic to crystalline topo-

logical insulator (TCI) occurs.5 Hence, after the transition,

the system presents a different condensed matter phase, and a

series of phenomenon can be investigated. Regarding the

phenomenon of photoconductivity, it has been investigated

thoroughly in Pb1–xSnxTe films and can be found in the litera-

ture.6,7 Despite the fact that photoconductivity measurements

are being performed in several narrow-gap semiconductor

materials over the years,8–11 the negative photoconductivity

(NPC) effect, when the material becomes less conductive in

the presence of light, has attracted attention due to its poten-

tial application in photodetectors and nonvolatile memories.12

In fact, the search for such phenomenon at room temperature

being the main goal of research groups, several materials are

investigated nowadays with potential practical application.

Concerning photovoltaic devices fabrication, crystalline and

photoconductivity samples with low electrical resistivity are

desirable, which make Pb1–xSnxTe films good candidates

for this purpose, i.e., the electrical resistivity of samples

investigated in this work is 2.5� 10�1 X cm at room tempera-

ture and �5.0� 10�2 X cm at 77 K. Among the most recent

investigated materials that exhibit the NPC effect, the most

popular materials are: MoS2 monolayers,13 In2Se3 films,14

Silk protein hydrogels,15 films of functionalized metal

nanoparticles,16 and antimony sulfoiodide (SbSI) nano-

wires,17 just to cite a few examples. For most of these materi-

als, the NPC effect is a consequence of trap levels inside the

bandgap.

For PbTe based materials, it is well known that trap

states are located in the bandgap and are originated from the

intrinsic disorder introduced during the sample growth.18

When illuminated, these materials present positive photocon-

ductivity.19 The introduction of Sn atoms changes the posi-

tion of the trap level in relation to the maximum of the

valence band and alters the generation and recombination

rates when the sample is illuminated.18

In this work, we present the results of photoconductiv-

ity measurements performed in p-type Pb1–xSnxTe film,

grown on the (111) cleaved BaF2 substrate, for x� 0.44.

We observed that the NPC effect at room temperature with

its amplitude increases as the temperature decreases. We

show that the NPC effect is a consequence of the reduction

of electrons and holes in the conduction and valence bands,

respectively, due to the influence of the trap level in the

dynamics of the generation and recombination rates when

the sample is illuminated.20

The Pb1–xSnxTe film was grown in the Riber 32PMBE

system equipped with metal rich lead telluride, stoichiomet-

ric tin telluride alloys, and two tellurium additional cells to

adjust the electrical properties of the film with the deviation

from stoichiometry. The beam equivalent pressure (BEP)

of each cell is measured before and after growth by the

Bayer-Alpert ion gauge placed at the substrate position.

The background pressure was 10�9 Torr during BEP meas-

urements. The composition of the Pb1–xSnxTe layers is deter-

mined by the ratio between the BEPs of PbTe and SnTe:

x ¼ BEPðSnTeÞ=BEPðPbTeÞ þ BEPðSnTeÞ. The total thickness of

the layer investigated here was 1lm. The lattice constant of

the Pb1�xSnxTe layer was obtained by measuring ax/2Hscan

around the (222) x–ray diffraction peaks of film and sub-

strate. Using the BaF2 Bragg peak as a reference, a lattice

parameter of 6.402 Å was determined from the angular

separation between the Pb1�xSnxTe and the BaF2 peaks.

Considering Vegard’s law and the values of 6.462 Å and

6.327 Å for the lattice parameter of PbTe and SnTe,
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respectively, the atomic composition of the Pb1�xSnxTe layer

was determined to be x¼ 0.44, the same value as obtained

from the BEPs relation. The full-width at half-maximum of

the Pb1�xSnxTe(222) Bragg peak was 330 arc sec, which

indicates the good crystalline quality of the grown layer.

Therefore, we have precise control on the growth of single

crystal films of PbTe, SnTe, and its pseudo-binary alloys,

Pb1–xSnxTe, since these two compounds are completely solu-

ble in each other. That is, to say, the compound Pb1–xSnxTe

is a substitutional solid solution with complete solubility and

obeys Vegard’s law. Pb and Te vacancies in PbTe crystal lat-

tice produce acceptor or donor levels, respectively, with zero

activation energy. Therefore, it is possible, by means of extra

supply Te BEP, to grow undoped intrinsic films, controlling

both the density and the type of charge carriers.21

The p-type Pb1–xSnxTe film was grown on freshly

cleaved (111) BaF2 substrates (from Korth Kristalle GmbH),

pre-heated to 300 �C for 10 min before starting the growth.

The film growth was monitored in situ by 35 keV reflection

high-energy electron diffraction, RHEED, system from Staib

Instruments, Inc. As expected, the RHEED diffraction pat-

terns show that Pb1–xSnxTe films grow in the layer-by-layer

mode, independent of the alloy composition. The growth

starts with nucleating islands and, after the coalescence of

the islands, it changes to the layer-by-layer mode,21 and

2703 monolayers were grown (1 monolayer¼ 3.7 Å).

The electrical properties of the samples were character-

ized by resistivity and Hall effect measurements to determine

the type and concentration of the majority carriers and

their mobility. Such measurements were performed using an

automated Keithley 180 A Hall effect system with magnetic

fields up to 1.0 T in a temperature range between 77 and

300 K. The electric contact preparation follows the van der

Pauw geometry, using gold (Au) wires soldered with indium

(In) contacts. For photoconductivity measurements, a blue

LED was used with the wavelength of 460 nm and with the

intensity of 276 lW/m2.

Figure 1(a) shows the time dependence of the normal-

ized photoconductivity ðrN ¼ rlight

rdark
Þ for the Pb0.6Sn0.44Te film

in the temperature range of 85–300 K under illumination.

According to this figure, the sample presents a clear NPC

effect in the whole range of temperatures measured. In addi-

tion, the NPC amplitude increases with the decreasing

temperature. The inset in Figure 1(a) exhibits the buildup

and decay at 300 K and 100 K, for illumination and dark

conditions (see the arrows for LED off). From this inset, it

is also possible to observe that the conductivity does not

re-establish back to the original value at low temperatures

but reaches a higher value instead. Figure 1(b) presents

the values of qNð¼ 1=rNÞ for the temperatures presented in

Figure 1(a) when the illumination is removed, revealing the

effect of persistent photoconductivity, which is expected in

PbTe based compounds.19 This figure also shows that the

time decay scales with temperature, indicating the presence

of trapping mechanism, which becomes more effective when

temperature decreases. Trap levels, in this case, are associ-

ated with the disorder present in the system.

In order to investigate the origin of NPC and its tempera-

ture dependence observed in this film, we calculated the

recombination times, s, from the decay curves presented in

Figure 1(b) using the relation rðtÞ ¼ r0 exp ð�t=sÞ,9 where

r0 is the electrical conductivity in dark conditions. The values

of ln(sÞ are presented as a function of 1=kBT in Figure 2(a).

From a linear fitting, one can extract the ionization energy (or

the trap depth) DE using the expression9

1

s
¼ a exp � DE

kBT

� �
; (1)

where a is a parameter that depends of the density of states

and kB is the Boltzmann constant. The value obtained is

FIG. 1. (a) Time dependence of the nor-

malized photoconductivity ðrN ¼ rlight

rdark
Þ

for the Pb0.6Sn0.44Te film in the temper-

ature range of 85–300 K under illumina-

tion. The inset exhibits the buildup

and decay at 300 K and 100 K, under

illumination and dark conditions (see

the arrows for LED off). (b) The values

of qN ¼ 1=rN for the temperatures pre-

sented in (a) when the illumination is

removed, revealing the effect of persis-

tent photoconductivity.

FIG. 2. (a) ln(s) as a function of 1=kBT. Inset: Thermal energy kBT, DE the

energy gap Eg. (b) and (c) schematic representation of the transitions taking

in account the trap level (ed). Dark conditions (b) and under illumination (c).
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DE � 17 meV and corresponds to the energy height of the

traps located above the maximum of the valence band. As

mentioned before, this level is originated from defect states

and has an acceptor character.18 Undoped PbTe samples con-

tain significant concentrations of lattice point defects like

vacancies and interstitials, which produce deviations from

the stoichiometric composition.20 It is important to point out

that the energy gap in this material decreases as temperatures

decreases, which influences the generation and recombina-

tion rates of the carriers. The position of the defect level

does not change considerably as temperature decreases since

there is no variation of the slope of the curve obtained in

Figure 2(a). In addition, our computational simulations

showed that even considering an overestimated variation of

30% on the defect position, the variation in the generation

and recombination rates is negligible.

In order to compare the thermal energy kBT and DE in

relation to the position of the energy gap, i.e., the position of

the conduction band minimum with respect to the valence

band maximum, we plot these energy values in the inset of

Figure 2(a), using the following equation to calculate the

energy gap in eV:22

Eg x; Tð Þ ¼ 0:19� 0:543xþ 4:5� 10�4 T2

T þ 50ð Þ : (2)

Through the inset, one observes that DE becomes close to Eg

for temperatures below 150 K. In fact, for T� 70 K, the sys-

tem is close to the band inversion, where the transition from

metallic to crystalline topological insulator occurs. In this

regime, carriers cannot be described by the model since they

become Dirac particles. At this situation, when defect level

is close to the conduction band minimum, it is not possible

to predict the values of generation and recombination rates

using classical models. The thermal energy, kbT, is the same

order of the DE below 200 K, which suggests that around

this temperature, trapping mechanism would be more effec-

tive; in fact, this is observed and will be explained later.

Hence, for a more realistic analysis of the observed

phenomenon, we analyze the data for temperatures higher

than 70 K.

The total variation of electrical conductivity is the con-

tribution of the individual variations in valence and conduc-

tion bands due to the generation of electron-hole pairs under

illumination

Dr ¼ eðlnDnþ lpDpÞ; (3)

where ln and lp are the electrons and holes mobility and Dn
and Dp are the density of excess electrons and holes due to

illumination. In the absence of trap levels, the generated

holes in the valence band correspond to promoted electrons

to conduction band, Dp ¼ Dn. However, in the presence of

trap centers, Dp becomes

Dp ¼ Dnþ Dnd; (4)

where Dnd is the density of electrons trapped at the defect

sites. Equation (4) indicates that the defect level inside the

bandgap plays an important role in the generation and recom-

bination rates, which will be responsible for the NPC effect.

In order to illustrate this assumption, in Figures 2(b) and 2(c),

we present a schematic representation of the transitions taking

into account the trap level, indicated by ed. In Figure 2(b),

without illumination, ed is partially filled electrons that are

thermally excited from the valence band, represented by full

symbols. The excess of holes (since it is a p-type sample) in

the valence band and the electrons in conduction band are

represented by open symbols and full symbols, respectively.

Under illumination, represented in Figure 2(c), electrons are

excited from valence band to conduction band leaving holes

in the valence band (process 1). These holes diffuse in the

valence band (process 2), and electrons from localized states

in ed can recombine in valence band by reducing the number

of holes in valence band (process 3). Eventually, electrons

from conduction band can recombine at electron vacancies

left in ed (process 4) by reducing the electron concentration

in conduction band. In such scenario, processes 3 and 4 cause

the reduction of carrier concentration in valence and conduc-

tion bands, leading to the decrease in the effective electrical

conductivity under illumination giving rise to the observed

NPC effect. However, this proposed model would be true

only if the generation rates are not more effective than

recombination rates (processes 3 and 4). Hence, the conditions

gdc < rcd and gvd < rdv should be satisfied, where rdv is the

recombination from the level ed to the valence band, rcd is the

recombination from the conduction band to the level ed, gvd is

the generation rate from the valence band to the level ed, and

gdc is the generation rate from level ed to the conduction band.

The generation and recombination rates can be derived

according to the expressions18

rdv ¼ pndvSp; (5)

rcd ¼ nðNd � ndÞvSn; (6)

gvd ¼ Nd � ndð ÞNvvSp exp �Eg � ed

kBT

� �
; (7)

gdc ¼ ndNcvSn exp � ed

kBT

� �
; (8)

where Nd is the density of defect centers, nd is the density

of states occupied by electrons, v is the thermal velocity of

free carriers, Sp and Sn are the cross sections of holes and elec-

trons, respectively, and Nc and Nv are the effective density of

states in the conduction and valence band, respectively. We

used Nd � 1018 cm�3, obtained from magnetoresistance meas-

urements, i.e., we can extract Nd from the linear magnetoresis-

tance present in this sample23 and take nd ¼ 0:5Nt as an

average value. The cross sections values are Sn ¼ 10�20 cm2,

and Sp ¼ 30Sn.18 In this case, we found that the energy ed is

the same of DE.

Figure 3(a) presents gvd and rdv as a function of tempera-

ture. For T> 170 K, approximately, the condition gvd < rdv

is satisfied. This indicates that the NPC effect for such

temperature region is mainly caused due to the reduction of

holes in the valence band. Figure 3(b) shows gdc and rcd.

According to this figure, the condition gdc < rcd is satisfied

only at T< 170 K, indicating that the reduction of electron in

the conduction band is the main cause of the NPC effect for

temperatures lower than 170 K.

042102-3 Tavares et al. Appl. Phys. Lett. 110, 042102 (2017)



It is important to note that the configuration gdc > rcd

above 170 K (Figure 3(b)) should affect the total photocon-

ductivity. In fact, in such configuration, we have a positive

contribution to the photoconductivity since there is an

increase in the electron density in the conduction band. On

the other hand, in Figure 3(a), recombination from the defect

level to the valence band dominates for T> 170 K, rdv > gvd,

which gives a negative contribution (NPC) to photoconduc-

tivity at this temperature region. It is clear that, there is a com-

petition between these two mechanisms. However, the rate of

electrons recombined from the defect level to the valence

band is higher than the rate of electrons generated in the

conduction band. For instance, gdcð300KÞ � 1:2 � 1024 m�3

while rdvð300Þ � 1:3� 1025 m�3. Hence, the contribution to

the NPC effect is more effective for the total photoconductivity.

This model predicts that there is a transition temperature

where the NPC effect contribution changes from the valence

band to the conduction band. This temperature should be

related to the position of the defect level inside the bandgap,

which affects the amplitude of photoresponse as we discussed

later. As temperature reduces, electrons became trapped at

ed altering the recombination rates, which involve the transi-

tions to the trap level. In this situation, even in dark condi-

tions, the trapping of electrons at ed leads to increasing holes

in the valence band. In fact, in Figure 4(a), one can observe

a slight increase in the measured hole concentration in dark

conditions (circle symbols). Under illumination, this effect

still persists (square symbols). The temperature at which the

thermal energy kBT corresponds to trapping level energy (ed

� 17.0 meV) is around T� 197 K, i.e., below this temperature,

the de-trapping occurs as the thermal energy becomes less

effective. This temperature is in agreement with the tempera-

ture predicted by the model.

Figure 4(b) shows the values for which the NPC ampli-

tude, rmin, saturates for each temperature. According to this

figure, rmin presents a visible drop at some temperature below

200 K, indicating an enhancement of the NPC effect ampli-

tude. Figure 4(c) presents the experimental hole mobility mea-

sured under light and dark conditions for temperatures in the

range of 100–300 K. Apparently, from this figure, the illumi-

nation has no influence on the carrier mobility. However, it is

possible that the influence of light on carrier mobility is not

detectable through this technique for this specific case. In fact,

the NPC amplitude is only of a few percent as observed in

Figure 1(a).

Finally, when illumination is removed, excited electrons

from valence band stay trapped in the defect state, leading to

a hole concentration in valence band higher than the initial

concentration before the light is turned on. This explains the

effect observed in the inset of Figure 1(a), where the final

conductivity is higher than the original values for low

temperatures.

In conclusion, we performed photoconductivity meas-

urements using blue LED light in a p-type Pb1–xSnxTe film,

for x¼ 0.44, and found that the sample exhibits NPC effect

from T� 85 K up to room temperature. For a detailed analy-

sis, additional measurements were performed under illumi-

nation and dark conditions, and transport properties and the

energy of the trap levels were obtained. We found that the

position of trap level in the gap influences the amplitude of

the photoresponse, which indicates that this effect should be

taken into account for future development of sensors device.

Comparing the analysis of the experimental data to the cal-

culated recombination rates, we found that the NPC effect is

a consequence of the reduction of electrons and holes in the

conduction and valence bands, respectively, due to the influ-

ence of the trap level in the dynamics of the recombination

rates, which are also deeply temperature dependent. This

verification, NPC transition from valence band to conduction

band, gives a deeper comprehension of the behavior of gen-

eration and recombination process in this material.

In addition, the low noise level observed in the sample

and the presence of NPC together with the persistent effect

make PbSnTe a potential basic material for the development

of sensor devices and nonvolatile memories.

We would like to thank CAPES, CNPq, and FAPEMIG

(APQ-00623-14) for financial support.

FIG. 3. (a) gvd and rdv as a function of temperature. For T> 170 K, approxi-

mately, the condition gvd < rdv is satisfied. (b) gdc and rcd . The condition

gdc < rcd is satisfied only for T< 170 K indicating that the reduction of elec-

tron in the conduction band is the main cause of the NPC effect for tempera-

tures lower than 170 K.
FIG. 4. (a) Hole concentration in dark conditions (open circles) and under

illumination (square symbols). (b) Values for which the NPC amplitude,

rmin, saturates. rmin presents a visible drop at some temperature below

200 K, indicating an enhancement of the NPC effect amplitude. (c)

Experimental hole mobility measured under light and dark conditions for

T¼ 100–300 K. No visible variation with light is observed.
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