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High quality PbSe film was first fabricated by a thermal evaporation method, and then the effect of plasma sensitization
on the PbSe film was systemically investigated. Typical detectivity and significant photosensitivity are achieved in the
PbSe-based photodetector, reaching maximum values of 7.6 x 10° cm-Hz!'/2/W and 1.723 A/W, respectively. Compared
with thermal annealing, plasma sensitization makes the sensitization easier and significantly improves the performance.

Keywords: PbSe film, infrared photodetector, plasma processing

PACS: 77.55.—g, 07.57.—c, 52.77.Dq

1. Introduction

PbSe is a typical narrow bandgap semiconductor material
with full application in infrared detectors.!'! For photodetec-
tors, high quality PbSe film has been successfully fabricated
by chemical bath deposition,[®! electrochemical deposition, !’}
thermal evaporation, ¥ and molecular beam epitaxy method !
during the past two decades. When making devices from ma-
terials, it is often necessary to sensitize PbSe under an oxy-
gen/halogen atmosphere to improve the stability of devices
and reduce noise, which is a critical process that determines

H0-151 For a long time, sci-

the performance of photodetectors.
entists worldwide have researched the sensitization method
and sensitization mechanism of PbSe based devices.!'®1° For
example, Humphrey and Scanlon reported that the p—n type of
PbSe film can be converted by doping the halogen group dur-
ing thermal sensitization.!”°! Zhao e al. introduced a charge
separation junction model to further explain the sensitization
mechanism of the PbSe photodetector.>!] However, studies on
plasma as the sensitization method of PbSe thin film are rela-
tively few.

In this work, the higher-reaction active ground states of
microwave plasma were utilized to sensitize the PbSe thin
film.[?>-26] The morphology, crystal structure, and elemental
composition of the sample before and after plasma processing
were investigated in detail. By comparing the performance
of photodetectors, the detectivity (D*) of a plasma-sensitizing
PbSe-based device is found to be 17.5 times better than that of
the raw materials. Finally, the mechanism of plasma sensitiza-
tion is also discussed based on the Hall effect test.

fCorresponding author. E-mail: fengshuanglong@cigit.ac.cn
fCorresponding author. E-mail: yqfu@uestc.edu.cn
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2. Experimental details
2.1. Materials synthesis and sensitizing

The 500 nm PbSe thin film was deposited on Si/SiO; sub-
strates by a thermal evaporation method. Before deposition,
the Si/SiO, substrates were ultrasonically cleaned with ace-
tone, deionized water, and ethanol in sequence. High-purity
PbSe powder (99.99%) was loaded in a graphite crucible with
a crucible/substrate distance of about 26 cm in the vacuum
chamber. The substrate temperature was set to 200 °C and the
vacuum pressure was about 5.5 x 10~* Pa. Subsequently, the
PbSe film was processed in a homemade microwave plasma
chemical vapor deposition (MPCVD) process consisting of
a domestic microwave oven (with the power set at 700 W,
2.45 GHz), a gas supply system, a quartz tube (25 mm outer
diameter) and a vacuum pump. Gaseous Ar; (70 sccm) flowed
into the quartz tube accompanied by continuous pumping and
maintained at a base pressure of about 107! Pa. Then, Ar
plasma with bright purple color was generated when the mi-
crowave was turned on. Finally, the microwave oven/gas valve
was closed and the treated sample was taken out.

2.2. Material characterization

The crystal structure of the film was identified by an
x-ray diffractometer (XRD, Bruker D8-Focus). The sur-
face morphology and elemental composition of the film
were characterized by a scanning electron microscope (SEM,
Shimadzu, SSX-550) equipped with energy-dispersive spec-
troscopy (EDS). The optical properties (absorption and reflec-
tivity) of the film were recorded using a near-infrared (NIR)
spectrophotometer (Gangdong, S410).

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2.3. Photoresponse measurement

Both the -V characteristics and photoresponses of the
fabricated devices were recorded by a Keithley 4200 source
meter at room temperature. Photoresponse measurement was
carried out at a laser wavelength of 1550 nm, and the cur-
rent was measured while the illumination was modulated be-
tween on and off with a shutter controlled by a square wave
signal. To further evaluate the photodetector performance of
the PbSe film via Ar plasma by MPCVD equipment, a PbSe-
based photoconductor was fabricated on a SiO,/Si substrate
(0.4 cm x 0.2 cm). In this structure, photolithography patterns
were formed by photolithography (shadow-mask-used). An
ohmic contact with Cr/Au (3 nm/50 nm) electrodes was real-
ized by e-beam deposition and standard lift-off process; the
effective photoactive area of PbSe was 0.2 cm x 0.2 cm.

3. Results and discussion

Figure 1(a) shows the XRD patterns of the thermally
evaporated PbSe films as a function of plasma handling time.
The diffraction peaks correspond to the (110), (111), (200),
(012), (220), (311), (400), and (204) planes, which can be
indexed to the cubic PbSe phase in good agreement with the
JCPDS card 06-0354. Although some oxide diffraction peaks
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appear in the diffraction pattern, the PbSe diffraction peaks are
still dominant, such as the (200)-serial diffraction peak. This
indicates that the interior of the grain is still PbSe, and only
the surface layer of the PbSe grain is partially oxidized. The
predominant (200)-serial diffraction peaks are observed for all
samples, the intensities of which are enhanced with increasing
microwave time. This behavior should be attributed to the im-
provement in the corresponding diffraction orientations. The
full width at half maximum (FWHM, denoted as f3) of the
(200) peak, which has been calibrated by deducting the instru-
mental broadening, decreases with increasing microwave time
until reaching a minimum value at 6 min, and then increases
This
reveals that the crystallinity of the films is improved with in-

with a continuous increase in plasma handling time.

creasing microwave time, reaching a maximum at 6 min. Sub-
sequently, the absorptivity of PbSe films with different plasma
handling times is also investigated, as shown in Fig. 1(b). It
indicates that the infrared absorptivity did not change signifi-
cantly under different microwave treatment times, fluctuating
within 62%-72%, with the lowest absorptivity at 8 min under
microwave treatment. Finally, the atomic ratios of Pb, Se, O,
and Si are obtained by EDS, as shown in Fig. 1(c). During
the plasma treatment (0—8 min), the atomic ratio of Pb and
Se is approximately 1:1; the proportion of O atom decreases
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Fig. 1. (a) XRD patterns of PbSe film with different microwave processing times; (b) optical absorption spectrum of the PbSe film under different microwave
processing times; (c) atomic ratios of Pb, Se, O, and Si as a function of time plotted in the histogram; (d) content curve of O element in the samples under

different handling times.
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slightly compared with no plasma treatment, but the O atom
proportion changes little as the subsequent plasma processing
time increases from 2 min to 8 min as shown in Fig. 1(d).
It is reasonable that plasma treatment causes a sintering phe-
nomenon in the PbSe thin film and improves the degree of
crystallization.

The SEM images of the PbSe film with different plasma
handling times are illustrated in Fig. 2. For the PbSe film with
plasma handling time ¢ = 0 min in Fig. 2(a), the PbSe thin film
is composed of particles agglomerated by nanocrystals, and
the film layer is continuous with a dense structure. With the
treatment of Ar plasma for 2 min, the PbSe film is no longer
granular and presents features of high crystal quality, dense
structure, and excellent uniformity, as shown in Fig. 2(b). The
crystallinity of the PbSe thin film continues to increase with
increasing microwave plasma action time until some holes ap-
pear on the thin film under the etching process of Ar ions. With
the increase in etching time, an increasing number of holes are
found in the film, as shown in Figs. 2(c)-2(e).

Fig. 2. SEM image of treated PbSe film: (a) O min; (b) 2 min; (c) 4 min; (d)
6 min; (e) 8 min.

Figure 3(a) is the actual product of the PbSe NIR pho-
todetector, and the PbSe thin film device in the photodetec-
tor is shown in Fig. 3(b). The manufacturing method of the
PbSe device is to prepare PbSe thin film and Au electrodes on
a Si/SiO, substrate, where the size of the SiO,/Si substrate
is 4 cm X 2 cm, the size of the electrode is 1 cm x 2 cm,
and the size of the PbSe thin film is 2 cm X 2 cm, as shown
in Fig. 3(b). We use a Keithley 4200 source meter for test-
ing and plot the corresponding photoresponse spectrum as
shown in Figs. 4(b)-4(f). Figure 4(a) is the schematic dia-
gram of the PbSe photodetector for the 4200 photoresponse
spectrum test, where the thickness of the SiO,/Si substrate
is 300 um, and the electrode is composed of Cr (3 nm) and
Au (50 nm).
erties of the fabricated PbSe photodetector at a bias volt-

Figures 4(b)—4(f) depicts the dynamic prop-

age of 10 V at different plasma handling time; the photocur-
rents of the different samples are respectively 1.9 x 1075 A
(0 min), 1.0 x 107* A (2 min), 1.38 x 107* A (4 min),
2.79 x 107* A (6 min), and 1.6 x 10™* A (8 min). We cal-
culate the responsivity (R) and the detectivity (D*) based on
the photoresponse spectrum to evaluate the performance of

the PbSe photodetector. The responsivity (R) is calculated
as R = photo/ Popt, and Popy = (Plight X Adetect) / Agpot, Where
Iphoto is the photocurrent under illumination, Py is the op-
tical power of incident infrared radiation, Pjgp is the inci-
dent power (Pjgne = 5 X 1074 W), Agpor 1s the laser-beam-
illuminated device area, and Ageect 1S the actual effective de-
tection area of the device. Hence, the responsivity (R) is cal-
culated as 0.12 A/W (0 min), 0.629 A/W (2 min), 0.868 A/W
(4 min), 1.723 A/W (6 min), and 1.006 A/W (8 min). The de-
tectivity (D*) is defined as D* = R x \/A/+/2qlgar» Where ¢
is the absolute value of electron charge, R is the responsivity
and the dark currents of the different samples are respectively
9.487 x 1073 A (0 min), 6.886 x 1073 A (2 min), 6.436 x
1073 A (4 min), 6.434 x 1073 A (6 min), and 6.038 x 1073 A
(8 min). Thus, the detectivity (D*) is calculated as 4.338 x
108 cm-Hz!/2/W (0 min), 2.68 x 10° cm-Hz'/2/W (2 min),
3.925 x 10° cm-Hz!/2/W (4 min), 7.6 x 10° cm-Hz!/%/W
(6 min), and 4.58 x 10° cm-Hz!/2/W (8 min). The rising and
decaying time values in a single on/off cycle are plotted in
Figs. 5(a)-5(d).

(a)

4 ,. 0.1 cm
0.1 ¢ 7L y =

U\D.‘Z cm

0.4 cm

Fig. 3. (a) PbSe photodetector with a microwave time of 6 min; (b) PbSe
device with dimensions.

In summary, we present the responsivity (R), detectivity
(D*) and response time under different microwave times in Ta-
ble 1 for comparative analysis. As shown in Table 1, with
an increase in microwave treatment time, the responsivity (R)
and detectivity (D*) of the PbSe devices first increase and de-
crease. When the microwave treatment time is 6 min, the re-
sponsivity (R) and detectivity (D*) of the device reach their
maxima, respectively 1.723 A/W and 7.6 x 10° cm-Hz!'/2/W.
At this time, the response time of the PbSe device is also
the fastest. The rising time value and falling time value of
the sampling interval are 4 ps and 2 us, respectively. The
response time of the PbSe device is two orders of magni-
tude lower than those of PbSe devices with other microwave
treatment times, and the response time is significantly re-
duced. Thus, the responsivity (R) and detectivity (D*) are
the largest, and the response time is shortest at the plasma
treatment time ¢+ = 6 min, which is the optimal sensitization
condition. For practical utility, we directly measure using a
fast Fourier transform (FFT) spectrum analyzer because the
noise property is determined mainly by dark current. The cur-
rent measured directly using the FFT method is much more

credible. We obtain the /-V curve (dark current/1550 nm)
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and voltage noise spectral density under the optimal sensi-
tization condition, as shown in Figs. 6(a) and 6(b). It can
be seen from Fig. 6(a) that whether the photocurrent or dark
current of the device passes through the origin of the coor-
dinate, it can be judged that the PbSe infrared photodetec-
tor is ohmic contact, and the contact is good. R = 1594 Q
(t = 6 min, A = 1550 nm), ¥ = —142.8 dB-V/Hz'/2 when fre-
quency f = 1 Hz from Figs. 6(a) and 6(b). The noise current

is I, = Vo /R = 102/ /R = 5 x 10~8 A/Hz'/2. The noise prop-
erty in this device is determined mainly by dark current. D*
represents the ability of the device to detect weak light sig-
nals and can be obtained by the formula D* = R x VA /L,
where A is the effective area of the device (2 cm x 2 cm),
I, is the noise current, and D* = 6.892 x 10° cm-Hz!/%/W.
Thus, considering noise interference, the detectivity (D*) is
6.892 x 10° cm-Hz!'/2/W in practical application.
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Fig. 4. (a) Schematic of the PbSe photodetector; photoresponse spectra under
voltage is 10 V): (b) O min; (c) 2 min; (d) 4 min; (e) 6 min; (f) 8 min.
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Table 1. Responsivity (R), detectivity (D*) and response time data list at different plasma time.

Detectivit
Time Photocurrent Responsivity ( e]—ic II/VZII\}?’V) Response time (on) Response time (off)
(min) (A) (A/W) e (ms) (ms)
(calculated)
0 1.9x 1073 0.120 4.338 x 108 - -
2 1.0x 1074 0.629 2.68 x 10° 0.46 0.35
4 1.38 x 107# 0.868 3.825 x 107 0.24 0.14
6 279 x 1074 1.723 7.6 x 10° 0.004 0.002
8 1.6x 1074 1.006 4.58 x 10° 0.16 0.16
(a) - result is consistent with the theoretical analysis, indicating that
T .l the device meets expectations.
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Fig. 6. (a) The I-V curve of the PbSe photodetector with microwave time t = 3
6 min (dark current/1550 nm); (b) voltage noise spectral density measured at 5 30+
plasma time # = 6 min. f
Y=0.06163X+2.3985x10~*
We analyzed the performance of the PbSe photodetector 2.7r . . . . .

under the optimal sensitization condition ¢ = 6 min. We ob-
tained the photoresponse spectra of the PbSe films as a func-
tion of voltage and the photocurrent of the PbSe films as a
function of optical power, as shown in Figs. 7(a) and 7(b).
As can be seen in Fig. 7(a), the microwave processing time
is 6 min and the incident light wavelength is 1550 nm. When
the power of the light source is stable, the device photocur-
rent increases with an increase in the bias voltage. When the
power of the incident light source is constant, the number of
carriers generated per unit area of the film surface is constant.
In this case, the greater the bias voltage, the more carriers can
be effectively separated by the device, so the photocurrent of
the device is larger. When the bias voltage of the test system is
10V, Y =0.06163X +2.3985 x 10~*. Because the system bias
voltage is constant, increasing the power of the incident light
source increases the number of photogenerated carriers gener-
ated per unit area of the film and the device generates a larger
photocurrent. The PbSe infrared photodetector experimental

1 2 3
Power (1072 W)
Fig. 7. (a) Photoresponse spectra of PbSe film as a function of voltage under

the illumination of A = 1550 nm (Rjign; = 5 X 10~* W ); (b) photocurrent of
PbSe film as a function of optical power (U = 10 V).

A Hall effect tester (L79/HCS) is used to test the Hall
coefficient, carrier concentration, migration rate, and conduc-
tivity to understand the change in the plasma-processed pho-
todetector. The results are shown in Table 2. The positive
Hall coefficient indicates that the PbSe film before and after
plasma processing is p-type. As the action time of Ar plasma
increases, the conductivity and the migration rate of the PbSe
film initially gradually increase and then decrease, reaching a
maximum when the plasma treatment time is 6 min. At this
time, the conductivity of the PbSe thin film is 0.06872 Q-cm,
and the migration rate of the PbSe film is 11.553 cmZ/(V-s).
The photoelectric performance is best when the responsivity
(R) and detectivity (D*) of the PbSe film are at a maximum.
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In summary, the PbSe layer as a volatile precursor participates
in a chemical reaction during the MPCVD process; Ar plasma
diffuses from the surface of the PbSe thin film to the inside
and reacts with the PbSe film, resulting in a secondary deposi-
tion on the PbSe layer itself, which improves the photoelectric
performance of the PbSe film significantly.

Table 2. Test results of PbSe thin film Hall effect.

Time Hall coefficient Carrier concentration Migration rate Conductivity

(min) (cm3/C) (cm?) (cm?/(V-s)) (Q-cm)
0 8.001 7.81 x 107 0.174 0.0218
2 30.273 2.06 x 10" 0.894 0.029 53
4 131.680 4.75 % 1016 4.469 0.033 94
6 168.164 3.88 x 1016 11.553 0.068 72
8 237.227 2.64 x 100 9.75 0.041 10

4. Conclusion

In summary, PbSe thin film was fabricated by a thermal
evaporation method, and Ar plasma realized the sensitization
of a PbSe photodetector. The responsivity and detectivity of
the PbSe photoconductor can be improved by an order of mag-
nitude after quick plasma sensitization. The detectivity of a
plasma sensitizing PbSe based devices is 17.5 times better than
that of the raw materials. The response time reaches the mag-
nitude of microseconds, providing a potential method of fabri-
cating high-performance PbSe-based optoelectronic detectors.
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