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Study of sensitization process on mid-infrared uncooled PbSe
photoconductive detectors leads to high detectivity

Jijun Qiu,"® Binbin Weng,"® Zijian Yuan,' and Zhisheng Shi'%®)
'School of Electrical and Computer Engineering, University of Oklahoma, Norman, Oklahoma 73019, USA

2Nanolighl‘, Inc., Norman, Oklahoma 73069, USA

(Received 18 December 2012; accepted 21 February 2013; published online 11 March 2013)

For nearly a century, oxygen has been widely accepted as the key element that triggers photo-
response in polycrystalline PbSe photoconductive detectors. Our photoluminescence and
responsivity studies on PbSe samples, however, suggest that oxygen only serves as an effective
sensitization improver and it is iodine rather than oxygen that plays the key role in triggering
the photo-response. These studies shed light on the sensitization process for detector applications
and ways to passivate defects in IV-VI semiconductors. As a result, high peak detectivity of
2.8x10"%cm-Hz"?- W' was achieved at room temperature. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4794492]

. INTRODUCTION

After many years’ development since 1930s, uncooled
PbS and PbSe polycrystalline photoconductive detectors
remain the choice for many applications in the 1-5 um spec-
tral range mainly due to their lower cost but comparable per-
formance to their counterparts such as Hgl-xCdTe (MCT)
detectors.' Regardless of deposition techniques, as-grown
Pb-salt poly-crystalline films must be thermally treated at
certain atmosphere to become sensitive to infrared radiation,
being known as sensitization procedure. There is a broad sci-
entific consensus that oxygen plays the key role in the sensi-
tization process by introducing deep trap and/or forming p-n
junction in PbSe crystallites. Great efforts have been made to
explain the physical essence of sensitization both from theo-
retical studies and experimental phenomenology.””’

Although the physical model of how these heuristic
procedures lead to photoconductivity has not been unambigu-
ously explained, the experimental fact after these sensitization
processes is that carrier lifetime becomes extremely long
(longer than ps), and thus leads to a greatly enhanced photo-
response. The carrier lifetime is much longer than any
reported experimental and theoretical Auger and radiative
lifetime.® For example, room temperature Auger and radiative
lifetimes are in the range of tens to 100 ns calculated by Zogg
for direct recombination in PbSe with n=2.3 x 10" cm ™
according to Emtage and Ziep.”™'" Therefore, there must be a
mechanism that has significantly inhibited the fast Auger and
radiative recombination.

There are mainly two types of models which are related
to a “generalized theory” discussed by Petrtiz.” The first
model is that oxygen introduces minority carrier trap that
effectively traps the photon-induced minority carriers. As is
shown in equation below, when carrier concentration is sig-
nificantly reduced Auger, radiative, and Shockley-Read-Hall
(SRH) recombination will be significantly inhibited, leading
to much enhanced lifetime and thus photo-response

YJijun Qiu and Binbin Weng contributed equally to this work.
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where R, is total recombination rate, r.q is radiative
recombination coefficient, n is electrons concentration, p is
holes concentration, 74,4 is Auger electrons recombination
coefficient, ro,q1 is Auger holes recombination coefficient,
TsrH-e 18 electrons lifetime of Shockley-Read-Hall recombi-
nation, and Tsry, 1S holes lifetime of Shockley-Read-Hall
recombination.

The second model suggests formation of p-n junction
during sensitization process.'> Most of the reports suggested
that sensitizer such as oxygen converts the n-type material
into p-type material. The p-type inversion region at the outer
layer of the microcrystal and the n-type material in the core
forms a p-n junction. The built-in potential of the p-n junc-
tion spatially separates photon-induced electrons and holes
in a rate faster than Auger and radiative recombination, and
enhances the carrier lifetime. Trofimov suggested deep donor
and acceptor states on grain surfaces.'” The density of such
states rises during oxidation of the semiconductor. The cap-
ture of majority carriers at such states gives rise to surface
band bending, leading to the formation of a depletion layer
near the surface of each crystallite, independent of the con-
ductivity type. Similar concept was also introduced into
MCT detectors in the 1980s, often referring as “trapping-
mode photoconductors.”” For Pb-salt polycrystalline PC
detectors, however, such suggested p-n junctions are on the
interfaces of sub-micron scale crystallites, making direct
confirmation of such model challenging.

Both models mentioned above would suggest that the
radiative recombination after sensitization should be hin-
dered, thus photoluminescence (PL) signal should be signifi-
cantly suppressed. Our previous PL measurements on a
series of PbSe thin films grown on a (111)-oriented Si sub-
strate by molecular beam epitaxy (MBE) annealed with
high-purity oxygen,'* however, suggest otherwise. The PL
intensity is increased significantly, rather than suppressed,
after O, annealing.

© 2013 American Institute of Physics
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In addition to oxygen, the role of halogen such as iodine,
another critical element in PbSe sensitization process,
remains unclear in the academic community. Humphrey
pointed out that halogens can be used to convert a PbSe film
form n-type to p-type,'>'® with no effect in the sensitivity of
PbSe films. The high sensitivity of PbSe was achieved only
through the incorporation of oxygen. Torquemada indicated
in their work of thermally deposited PbSe that halogen only
behaves as a transport agent during the PbSe recrystallization
process to promote the in situ incorporation of oxygen into
the PbSe lattice in electrically active position.'’

In this paper, we conduct responsivity and PL. measure-
ments on polycrystalline samples grown by chemical bath
deposition (CBD) and sensitized under different atmos-
pheres. Our results show that it is iodine instead of oxygen
that plays the most critical role in the sensitization procedure
of p-type PbSe photo-conductor. Oxygen, while still impor-
tant, only serves as a very effective sensitization improver.

Il. EXPERIMENT

PbSe were fabricated on glass and (111) Si substrates by
using CBD method. In brief, the aqueous precursor was pre-
pared via dissolving sodium hydroxide, lead acetate, and
selenosulfate with a concentration ratio of 12:1:1. The
cleaned glass substrates were transferred into the aqueous
precursor and maintained at 70°C for 1.5h. The as-grown
PbSe films (sample I) show a compact structure with a large
surface roughness, which is due to large particle sizes (about
0.7-1.2 yum) and various growth directions, as shown in
Figure 1(a). To understand the essence of sensitization pro-
cess, as-grown PbSe films were annealed in well-designed
atmospheres at 380°C for a constant total annealing time,

FIG. 1. Top-and side (inset)-view SEM images of as-grown (a) and sensi-
tized PbSe annealed at 380°C in (b) pure nitrogen for 30 min, (c) 20-min
nitrogen followed by 10-min oxygen, (d) 25-min nitrogen followed by 5-
min iodine, (e) pure oxygen for 30 min, and (f) 25-min oxygen followed by
5-min iodine.

J. Appl. Phys. 113, 103102 (2013)

including 30-min pure nitrogen (sample II), 20-min nitrogen
followed by 10-min oxygen (sample III), 30-min pure oxy-
gen (sample IV), 25-min nitrogen followed by 5-min iodine
(sample V), 25-min oxygen followed by 5-min iodine (sam-
ple VI), mixed oxygen and iodine for 5min (sample VII),
and 15-min nitrogen followed 10-min oxygen and 5-min io-
dine (sample VIII), respectively. The flow was kept a con-
stant of 0.05 psi. Both hot probe and Hall measurement show
that the all as-grown and after-annealing samples are p-type.
200 nm thick gold thin films were then deposited by thermal
evaporation over two sides of the PbSe detectors with a
2 x 2 mm?® active area. The detectivity measurements were
performed at room temperature (298 K) using a Model
SR830 DSP lock-in amplifier and a collimated black-body at
500K from Infrared System Development Corp., chopped at
750Hz (MCI1F10 from Thorlabs). The devices were biased
at 100V using Agilent E3612A source, with a load resistor
matched to the sensor resistance.

lll. RESULTS AND DISCUSSION

Table I summarizes our experimental results on the
sensitization of uncooled PbSe infrared photoconductive
detectors. First, a high peak directivity up to 1.0 x 10"
cm-Hz"?-W~! was observed by annealing p-type PbSe
microcrystalline films obtained from CBD in nitrogen and
iodine atmosphere without oxygen. Second, the combined
use of iodine and oxygen could further enhance the PbSe
detectivity to two times larger (2.8 x 10'"%cm -Hz"?- W)
than those sensitized in iodine and nitrogen. This shows that
oxygen can significantly improve the PbSe sensitivity. Third
and most importantly, without iodine no photo-response was
obtained from PbSe samples annealed in any atmospheres
including in pure oxygen, indicating that it is iodine instead
of oxygen that is really the key in activating the PbSe photo-
response. In addition to the annealing atmosphere, sufficient
annealing time at high temperature (above 360°C) is also
crucial for high photo-response.

To understand and clarify these results, we performed
PL studies on the first seven samples listed in Table 1. The
room temperature PL emission spectra shown in Figure 2
were characterized by a Fourier transform infrared (FTIR)
spectrometer in Step-Scan mode with a 1.064 um
Q-switched Nd:YAG pumping laser (t pulse =5ns, 10 Hz).
No PL emission is observed in as-grown p-type PbSe film
(Figure 2(a), sample I). After the annealing process, how-
ever, PL peaks emerge in all annealed PbSe films, as shown
in Figures 2(b) to 2(g), though there are significant differen-
ces in their PL intensities. PL intensity of pure-nitrogen
annealed PbSe film (Figure 2(b), sample II) is comparable
with that with pure oxygen (Figure 2(d), sample IV). Oxygen
annealing after nitrogen annealing significantly increases the
PL intensity (Figure 2(c), sample III). On the contrary, PL
intensity dramatically decreases after introducing iodine and
iodine in oxygen causes a more rapid PL degradation than io-
dine in nitrogen, as shown in Figure 2(e) (sample V) and Fig.
2(f) (sample VI), respectively.

There are essentially four factors that dominate the PL
intensities: material gain, loss mechanisms in Eq. (1)
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TABLE I. Characterizations of uncooled PbSe detectors under various sensitization processes (active area: 2 X 2 mm and bias voltage: 50 V/cm).

Samples# Annealed atmosphere Resistance (MQ) Responsibility at 4, (V/W) D° (Zp, 750, 1) (cm Hz'? w!
Sample I As-grown 0.02 . a

Sample 11 Nitrogen 0.05 N a

Sample 1T Nitrogen/oxygen 0.06 a a

Sample IV Oxygen 0.1 N a

Sample V Nitrogen/iodine 2.0 1.8 x 10* 1.0 x 10"

Sample VI Oxygen/iodine 4.0 3.1 x 10* 2.8 x 10"

Sample VII Oxygen + iodine” 2.0 5.9 x 10° 1.2x10°

Sample VIII Nitrogen/oxygen/iodine 25 2.9 x 10* 2.5% 10"

*No signal was obtained.
Baked for 5 min.

including surface/interface recombination, extraction effi-
ciency, and the effective pumping due to the diffuse pump-
ing light.'"* As well known, compared with high-temperature
physical methods such as MBE, a big drawback of CBD
technique is lower crystal quality due to the numbers of
intrinsic defects, such as lead vacancies (Vj,) and selenium
interstitials (Se;) (as-grown PbSe is p-type in our case).
These defects are attributed to the low growth temperature
and the impurity containments from the aqueous precursors.
It was reported that oxygen and sodium ion may be incorpo-
rated into PbSe films during the deposition process to form
(X, Pbl_,()(YySel_y),”’18 where X stands for metal impurity
and Y stands for non-metal impurity. However, a part of
defects could vanish by a recrystallization process during
high temperature annealing, which improves the crystal qual-
ity. Therefore, the occurrence of PL peaks after annealing is
a good incitation of improved crystal quality. This is con-
firmed by the higher x-ray diffraction (XRD), peak intensity
(Cu, Ko, ROGAKU, D/MAX-2550V), and narrower full
width at half maximum (FWHM) of PbSe (200) peak
annealed in oxygen followed by iodine atmosphere, as
shown in Figure 3.

The quality of recrystallization is determined by anneal-
ing temperature, time, and atmosphere. Since annealing
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FIG. 2. PL spectra of as-grown (a) and sensitized PbSe films annealed at
380°C in (b) pure nitrogen for 30 min, (c) 20-min nitrogen followed by 10-
min oxygen, (d) pure oxygen for 30 min, (e) 25-min nitrogen followed by 5-
min iodine, (f) 25-min oxygen followed by 5-min iodine, and (g) mixed oxy-
gen and iodine for 5 min.

temperature and total annealing time are kept the same, the
significant differences in PL peak intensities after annealing
must be caused by the different annealing atmospheres.
Although blunted edges and boundaries were observed from
the all SEM images of annealed samples, as shown in
Figures 1(b)-1(f), the surface roughness of PbSe basically
remains the same. Therefore, the differences in extraction ef-
ficiency and effective pumping could be ignored. Owing to
its highly reactive nature, oxygen could first react with the

b and Se;" defects located in surface of PbSe microcrystals
via diffusion in rich-oxygen atmosphere. However, long-
time oxygen annealing could result in a serious deviation
from stoichiometry of PbSe microcrystals due to overreac-
tion with Pb>*, and Se”. It will also form PbSe; _,Oy, even
insulting PbO layers on the surfaces and boundaries of PbSe
microcrystals. This crystal-phase transformation is generally
observed in rich-oxygen sensitized PbSe process, regardless
of synthetic methods.'” In our case, PbSeO5 was detected in
XRD pattern of the sensitized PbSe, as shown in Figure 3(b).
Compared with pure nitrogen sensitized PbSe films (sample
1), a more distinct boundary coalescent between adjacent
PbSe microcrystal showing in Figure 1(f) (sample IV) and
the increase resistance from 0.05 to 0.1 MQ clearly verify

O,for 25 min / I,for 5 min

PbSe03 (301)

PbSe (222)

3

8

[7/] . N

c |a si(111) S [ 214" ;. 2048"| Si(222)

8 s | 0.44° 0\ 042

k= PbSe (200) - o —
J g
B 3

290 292 294 Y
As-grown

2 Theta (0)

FIG. 3. XRD curves of (a) as-grown on Si substrate and (b) sensitized PbSe
films annealed at 380°C in 25-min oxygen followed by 5-min iodine
atmosphere.
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the oxidation process. Both stoichiometric deviation and
over-oxidation lead to lattice defects, and thus degrade crys-
tal quality. Therefore, we attribute the highest PL intensity
on sample III with O, after N, annealing as a result of good
combination of recrystallization and defect passivation.

However, no photo-response was observed in any sam-
ple of high PL intensity. Considering that photosensitivity is
sensitive to microcrystal size, four 1.2 um thick PbSe films
with different microcrystal sizes ranging from 0.1 to 1.5 um
were fabricated. After annealing in pure oxygen atmosphere
for 30 min, all samples show similarly much enhanced PL in-
tensity as shown in Figure 4. However, no photo-response
was observed on any of these four PbSe films, which con-
firms that oxygen alone does not sensitize p-type PbSe.

After introducing iodine to both the nitrogen (sample V)
and oxygen (sample VI) annealed PbSe films for 5 min, high
photo responses were observed and sample with oxygen
annealing shows higher detectivity, as shown in Table I.
Therefore, it is indisputable that iodine instead of oxygen
plays a decisive role in photo-response of PbSe microcrystals.
The comparison and analysis of PL and SEM images before
and after introducing iodine could provide some useful guide-
lines for how the iodine triggers the sensitization of PbSe.
First, a mechanism exists that iodine reduces the PL intensity
significantly, as shown in Figure 2(e). Second, iodine further
promotes the coalescence between PbSe crystals through
fragmenting the large microcrystals into more numerous
small ones with diameters in the range of 300-500 nm, result-
ing in blunted edges and boundaries of PbSe grains as shown
in Figure 2(d). At the same time, the resistance increased by
almost two orders of magnitude up to 2 MQ. We believe that
the changes mentioned above, which play the key role in the
p-type PbSe sensitization, are attributed to the incorporation
iodine to PbSe, named iodination. However, no iodine ele-
ment or iodine related phase was directly detected in our
energy dispersive spectroscopy (EDS) and XRD measure-
ments, indicating the concentration of iodine incorporated
into PbSe is quite low.

A low detectivity of 1.2x10°cm-Hz"?- W' was
observed in PbSe sample annealed in oxygen followed by

T: 300K
Paverge: 1 mW

5

s

2

7]

c

]

g //

-l

o

100 500 1000 1500

PbSe crystallite size (nm)

FIG. 4. PL spectra of sensitized PbSe with various sizes annealed at 380 °C
in oxygen for 30 mins.
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iodine totally for 5min (sample VII). Compared with the
high sensitivity of PbSe annealed in same atmosphere for
30min (sample VI), the low sensitivity is attributed to the
low crystal qualities before iodination due to insufficient
recrystallization process, according to the PL results.

As an effective improver, the introduction of oxygen
could dramatically enhance the sensitivity of PbSe. Based
on the increased PL intensity in Figure 2(c), the enhanced
sensitivity by introducing oxygen in nitrogen atmosphere
before iodination (sample VIII) is attributed to the defect
passivation by oxygen. The peak detectivity of 2.8 x 10'°
cm -Hz"?- W~ was achieved by the combined use of oxy-
gen and iodine (sample VI). It is a result of two reasons: (1)
to form oxide layer in the boundary domain during oxidiza-
tion; (2) to improve the incorporation iodine into PbSe. The
former is confirmed by the appearance of PbSeOs; in XRD
pattern (Figure 3(b)) of annealed PbSe sample in oxygen fol-
lowed by iodine (sample V), and the latter is verified by the
degraded PL intensity shown in Figure 2(f) and a more coa-
lescent structure shown in Figure 1(f).

Based on the above results, we believe that the essence
of p-type PbSe sensitization process for a high sensitivity is
(1) to incorporate iodine into PbSe during the iodination pro-
cess, (2) to increase crystal quality by high-temperature
recrystallization process, and (3) to passivate defects and to
introduce oxide layer in the boundary domain in rich oxygen
atmosphere.

In light of the above equation, both iodine trap model
and iodine induced p-n junction model could explain the sig-
nificantly reduced PL intensity as discussed in the introduc-
tion. We would prefer the p-n junction model due to the
following reasons. First, iodine is a n-type dopant in PbSe."”
Recently, n-type iodine doped PbSe epitaxial layers were
obtained on silicon substrates in our group by using MBE.?"
Second, based on the same reasoning from Eq. (1), our PL
results do not support oxygen trap model since oxidation
enhances instead hinders PL emission. Therefore, similar to
that oxygen converts the n-type PbSe into p-type, p-n junc-
tion model could be applied for iodine sensitized p-type
PbSe if n-type inversion region is formed at the outer layer
of PbSe by introducing donor levels during iodination via
diffusion process. Although Hall measurement on iodine
annealed CBD PbSe still shows p-type conductivity, it could
be that the n-type layer is very thin.

IV. CONCLUSION

In sum, we have studied the role of oxygen and iodine in
p-type PbSe sensitization process. Although detailed sensiti-
zation mechanism still needs further study, it is clear that
iodine instead of oxygen triggers the photo-responsibility of
p-type PbSe. Oxygen serves as an efficient sensitization
improver by defect passivation, forming oxide layers at the
boundary domain and improving the iodination. Revisiting
some of the old problems in IV-VI lead salt materials could
lead to new and better understanding of these critical issues
in Pb-salt materials, and could help introduce this process
to other IV-VI devices such as light emitting devices and
photovoltaic detectors.*'*>
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