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We introduce a charge separation model in this work to explain the mechanism of enhanced
photoconductivity of polycrystalline lead salt photoconductors. Our results show that this model
could clarify the heuristic fabrication processes of such lead salt detectors that were not well
understood and often considered mysterious for nearly a century. The improved lifetime and
performance of the device, e.g., responsivity, are attributed to the spatial separation of holes and
electrons, hence less possibility of carrier recombination. This model shows that in addition to
crystal quality the size of crystallites, the depth of outer conversion layer, and doping concentration
could all affect detector performance. The simulation results agree well with experimental results
and thus offer a very useful tool for further improvement of lead salt detectors. The model was
developed with lead salt family of photoconductors in mind, but may well be applicable to a wider
class of semiconducting films. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867038]

. INTRODUCTION

For nearly a century, polycrystalline lead salt film (PbSe
and PbS) photoconductive detectors have been widely used
for applications in the 1-5 um spectral range, because of
their low cost, ability to operate at room temperature, and
high detectivity.! However, the operating mechanism of
such detectors has not been unambiguously understood.
Regardless of deposition techniques, as-grown lead salt poly-
crystalline films must be thermally treated at certain atmos-
phere to become sensitive to infrared radiation, being known
as sensitization procedure. The detector performance is quite
sensitive to many fabrication details such as the size of
as-grown crystallites,” annealing conditions including atmos-
phere concentration, temperature, and time,3f5 number of
annealing stages,*® and the final size of crystallites and crys-
tal morphology.? Optimization to achieve high performance
on such detectors, therefore, becomes an art of trial and
error. Understanding the operating mechanism and providing
a model that could quantitatively provide guidelines to opti-
mize the experimental conditions are thus very important to
further improve such lead salt detectors.

In the past, mainly three theories have been proposed to
explain the photoconductivity process.'” The first one
accepts the idea that incorporating oxygen in the film sensi-
tizes the infrared photo response, known as the oxidation
annealing process.®'* This model suggests that oxygen
introduces minority carrier traps, which increase the majority
carrier lifetime and enhances the photoconductive sensitiv-
ity. The second one is based primarily on the increase in the
mobility of free carriers in the barrier model. It is assumed
that potential barriers are formed during sensitization, either
between the crystallites of the film or between n- and
p-regions in non-uniform films. The photo-generated electrons
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and holes could be drawn to and trapped in n- and p-type
regions, so that the modulation of barrier could occur under
the radiation, to which properties of film, such as photocon-
ductivity and its dependence of temperature and irradiance
could be ascribed.”> ™" The third model, referred to as the
“generalized theory,” was proposed by Petrtiz,”° in which
the properties of film depend on the average properties of
many crystallites. The resistivity is related to the boundary
barrier, and change in conductivity can be caused by the
change in the effective mobility.

Recently, we have pointed out that iodine is the key
element in the PbSe photoconductive detector sensitization
and demonstrated a record high detectivity.”’ We have also
indicated that oxygen serves as an efficient sensitization
improver by defect passivation, forming oxide layers at the
boundary domain and improving the iodination. Defect pas-
sivation by oxygen could be either to eliminate the impurity
levels by oxidation of the impurities or to introduce new
energy levels that trap the impurity. Either way, the carrier
lifetime could be increased. However, lack of details in these
previous models made it difficult to optimize lead salt photo-
conductive detector fabrication. For example, it is not clear
how carrier would transport through crystallites boundaries.
Since iodine is an n-type dopant for PbSe, our study led us to
believe that the p-n junction model is the case. The built-in
potential of the p-n junction spatially separates photon-
induced electrons and holes at a rate faster than Auger and
radiative recombination, which suppressed PL emission.
This also agrees well with our experiment that there was no
observable photoluminescence for samples with high respon-
sivity after iodination. In this work, we present a charge
separation model that allows us to do some quantitative sim-
ulations to explain the experimental results and provide
some guidelines for fabrication. As an example simulation,
p-type PbSe is used. The surfaces of p-type polycrystalline
PbSe were converted into n-type to form p-n junctions
during the sensitization process.”>** In addition, it is also
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FIG. 1. Scanning electron microscope (SEM) pictures of polycrystalline
PbSe structure before (a) and (b), and after (c) and (d) sensitization.

considered that electrons and holes will transport in n- and
p-type channels, respectively. Under these conditions, detec-
tors could benefit from enhanced carrier lifetime to achieve
high performance. The model was developed with lead salt
family of photoconductors in mind, but may well be applica-
ble to a wider class of semiconducting films. In our previous
experiments, the p-type polycrystalline PbSe films were fab-
ricated by using chemical bath deposition and then sensi-
tized. The sensitization consists of two steps, which are
annealing in air as the pretreatment followed by annealing in
iodine atmosphere. Fig. 1 shows scanning electron micro-
scope pictures of polycrystalline PbSe structure before and
after sensitization. One could see that during the sensitiza-
tion, the as-grown polycrystalline PbSe would recrystallize
to form crystallites with sizes from 100 nm to 500 nm. Under
certain sensitization conditions majority of crystallites will
have a similar size.

Il. SIMULATION MODEL

In the previous p-n junction/barrier models, all surfaces
of crystallites are surrounded by p-n junctions and/or oxide
barrier layers.lo’20 Therefore, carriers will have to tunnel
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through many junctions/oxide barriers. There are two prob-
lems with those models. One is that the resistance estimated
is much larger than the experimental value. Another is that
fast carrier recombination will occur when majority carriers
travelling through barriers into other conductive type area
(hole into n-area, or electrons into p-area), which would
reduce carrier lifetime and responsivity significantly. To
solve those discrepancies in the previous model, we propose
in this paper that during the high temperature sensitization
process crystallites will randomly make interconnections to
form threading micro-crystallites and thus create conducting
channels for the carriers in the crystallite core to transport
through. In such threading micro-crystallites, holes in the
crystallite core will transport through the conducting chan-
nels (threads), while electrons will transport through inter-
connected outer surfaces. Therefore, carrier recombination
will be significantly reduced with electrons and holes travel-
ing in their own lanes. Although the interconnections could
be random in all directions, under bias the carrier could statis-
tically transfer through this channel along the bias direction.
Fig. 2 depicts our model. In Fig. 2(a), the dark color presents
p-type region and light color represents n-type region with a
diffusion doping profile into the crystallite core. The n-type
outer shell could include oxide layers such as PbO or a mix-
ture of PbO,Se,, and halogens.23 The blue solid and red
dashed lines represent example of electron-channel in outer
shell and hole-channel in core p-type PbSe crystallites, respec-
tively. Fig. 2(b) shows two-layer crystallites represented by
connected spheres. Fig. 2(c) shows a single crystallite in our
model for carrier concentration calculation.

Hall measurements show that polycrystalline PbSe films
without iodine are p-type with hole concentration around
1 x 10" ¢cm 3. Thus, the initial acceptor concentration (N, )
in p-type PbSe crystallites before introducing n-type inver-
sion layer is taken as 1 x 10'"cm™. For n-type inversion
region, average donor concentration (Np) is initially
assumed to be 1 x 10'” ¢cm 2. Different Np will be discussed
later. In addition, N-type diffusion profile was neglected in
the simulation. Electron concentration in the outer shell and
hole concentration in the core were thus simulated.** Fig. 3
shows electrons and holes concentration distribution for
D =500nm and dn = 10nm, the black dashed line indicates

P-type region

FIG. 2. (a) Our proposed model that
shows the surfaces of crystallites are
converted from p-type into n-type. (b)
Polycrystalline PbSe represented by
spheres used in the model, in which
one sphere represents one single crys-
tallite. (c) Structure used in carrier
concentration simulation, where p-type
region is surrounded by n-type region.
D presents diameter of sphere, R, is
the radius of sphere, dp is size of
p-type region, and dn is depth of
n-type region, D =dp + 2*dn.
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FIG. 3. Carrier concentration distribution inside the sphere, red line: elec-
tron, black line: hole. Inset: Size dependent majority carrier concentration at
sphere center.

the position of n- and p-type region boundary. The relation
of majority carrier concentrations at sphere center and sphere
size is also shown as the inset, in which dn=10nm. When
p-type region size is less than 300 nm, majority carrier at
center of sphere becomes n-type, which suggest over iodiza-
tion could cause type conversion. Our experiments indicate
that over iodization especially on small size crystallites
always led to poor optical response. In the following simula-
tions, we will focus on cases that p-n junctions exit.

As can be seen, with proper sensitization p-n junction
will be formed and the hole carrier concentration is signifi-
cantly reduced due to such charged region. Therefore, a
reduced carrier recombination and enhanced lifetime are
expected. This could be understood by the following
equation:
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In the equation, R is total recombination rate, 1,4 is radia-
tive recombination coefficient, n is electrons concentration, p
is holes concentration, . is Auger electrons recombination
coefficient, raye.n is Auger holes recombination coefficient,
Tsru-e 15 electrons lifetime of Shockley-Read-Hall (SRH)
recombination, Tsgy., 1S holes lifetime of Shockley-Read-Hall
recombination, N, and P,.. are recombination center concen-
tration for electrons and holes, respectively. Based on our pre-
vious studies,zl’25 we assume that defects are well passivated
during the sensitization process and, therefore, radiative and
Auger lifetimes are dominant.

Radiative and Auger lifetime could be calculated from
Refs. 26-28. Fig. 4(a) shows the lifetime in PbSe based on
our model for different sizes. One could see that the lifetime
is increased to as long as 0.31 us, which is almost 40 times
larger than that of 7 ns before sensitization.

lll. SIMULATION RESULTS AND DISCUSSION

With the lifetime, the photo responsivity could be esti-
mated as Rs = q17‘c,u)J//11012,29 where 1 is efficiency, 7 is
carrier lifetime, V is applied voltage, u is the carrier mobil-
ity, / is the wavelength of incident power, h is Planck’s con-
stant, c is light velocity, and 1 is the dimension of detector.
The ratio between the responsivity of after (Rgensitized) and
before (Rpefore) sensitization is shown in Fig. 4(b).
Responsivity could be enhanced by approximately as large
as 45 times. This simulation could help explain why we did
not observe good photon response from PbSe materials with-
out iodine and very high response after iodine sensitization
that we believe has introduced p-n junctions. Fig. 4 also indi-
cates that the device performance is very sensitive to the
final crystallites size, which depends on as-grown crystallites
size and annealing conditions. The doping concentration also
affects the performance, which also depends on sensitization
conditions.

This simulation could also help explain another key
unexplained mystery that manipulating the resistance during
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FIG. 4. (a) Simulated lifetime in PbSe. (b) A ratio between the responsivity of after (RSsensitizea) and before (Rspefore) Sensitization versus different crystallites
sizes. dn=3nm (Np=1 x 10" ecm™?), 5nm (Np =35 x 10"° cm %), and 10nm (Np =1 x 10" cm ).
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FIG. 5. Model for resistance simulation.

sensitization process is a critical factor to achieve high sensi-
tivity in PbSe photoconductive detector fabrication. Since
the resistance of the PbSe films depends on the size of the
crystallites and carrier concentration after sensitization
which in turn determines the responsivity, it is, therefore,
understandable that resistance could be used to optimize de-
tector performance. In the following simulations, we will
calculate resistance and provide guideline to explain it.

Fig. 5 shows our model for resistance calculation. The
basic resistance unit in sphere matrix is shown in Fig. 5(d).
The resistance of integral sphere will be calculated first, and
then resistance in the overlap part as is shown in Fig. 5(c)
will be subtracted since they connect in series. From Fig.
5(c), one could see 2-dimension relationship of two adjacent
spheres. The resistance of integral sphere R, could be calcu-
lated by the following equation:

Ro
RX,,:J P_g @

—dr
2 Y
5 4mr

where p is the resistivity, Ry is the radius of the sphere and
Ro=D/2. To avoid singularity, the lower limit of integration
is set to be an infinitesimal Jdr, which means the resistance at
center of sphere is neglected. p follows the equation
p=1/o =1/(q*u,*n(r) + q* u,*p(r)), where q is the electron
charge, uy, and p, are mobility of electrons and holes at room
temperature, respectively. n(r) and p(r) are calculated
numerically as shown in Fig. 3 The resistance for the overlap
part Ry, could be calculated by

R,, = 2np( 1 —— |redr, 3)
ro+or r

where 1, is distance from sphere center to the cross section
of overlap part as shown in Fig. 5(c). Finally, the resistance
for one unit in the sphere matrix is R, =Ry, — 4*R,.

To simplify the calculation, we consider one unit resis-
tor shown in Fig. 5(b), and all resistors are connected to form

a resistor matrix as shown in Fig. 5(e). According to the
Kirchhoff law, the overall resistance for resistor matrix Rt
could be expressed by the following equation:

2 R,

nis2m—1’

Rt = (€]

where N is the number of spheres in one layer of film and
could be estimated from the dimension of film and diameter
of sphere. The final resistance for the PbSe film (R) is paral-
lel resistance of layers. Fig. 6 shows calculated results of
film resistance versus different crystallite sizes and dn.

To compare with our experimental results, the dimen-
sion of the film in the simulation is chosen as 1 mm x Imm
and 1 um thick. Herein, 1y is taken as ro=Rg*cos(n/12),
which means the o in Fig. 5(c) is ©/6. The simulated resist-
ance value ranges from 1MQ to 18 MQ. Our calculated

22

—=—dn=3nm N_=1e16 cm”
—e—dn=5nm N_=5e16 cm”
18 | —4—dn=10nm N_=1e17 cm”

20 |

16 |

14

12

10

Resistance (MQ)

1 1 1 1 1 1 1 1 1

200 250 300 350 400 450 500 550 600 650 700
Crystallite Size (nm)

FIG. 6. Film resistance (R) versus different crystallites sizes (D) with different
n-type regions. dn=3nm (Np=1 x 10 ecm™3), 5nm (Np=5 x 10" cm ™),
and 10nm (Np=1 x 10" cm™?).
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resistance values are somewhat larger than our experimen-
tal results (0.5 MQ to 10 MQ). This could be attributed to
(1) that the number of conducting channels used in our
model is less than reality, (2) hypothesis of no cross talk
between crystallites layers, (3) two dimensional model
instead of three dimensional model. Nonetheless, this
model offers following hints for a good sensitization. (1)
Low resistance would suggest high concentration in crystal-
lites and thus high recombination. (2) There is a resistance
range that indicates p-n junction formation. (3) When re-
sistance becomes too high, it may suggest that most of the
conducting channels are closed by oxides. This could
explain why good detectors always fall into a certain resist-
ance range. As can be seen from our model, the optimized
resistance value depends on the size of crystallites and the
sensitization condition. With different doping concentration
used in our simulation, the best devices could come from
films with crystallites size approximately from 250 nm to
450 nm, in which highest carrier lifetime is obtained due to
charge separation. In this work, we did not consider the
influence of sensitization on the carrier mobility, which
could be our future work.

IV. CONCLUSIONS

In summary, we have presented a charge separation
model to explain the mechanism of polycrystalline lead salt
photoconductors. The improved lifetime and performance of
the device, e.g., responsivity, are attributed to the spatial sep-
aration of holes and electrons which reduces carrier recombi-
nation. These results provide guidelines for further detector
optimization. We believe this model could also be used for
other semiconductors and other type of devices as well.
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