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Field-effect-assisted photoconductivity in PbS films deposited
on silicon dioxide
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Lead sulfide/Pb9 thin films were deposited from a chemical bath onto Si€) (n-type) substrates.
Pseudo-metal—oxide—semiconductor devices were obtained by evaporating source and drain gold
electrodes on a PbS surface and aluminum gate electrode on a Si substrate. Field-effect-assisted
photoconductivity in the PbS layer was investigated at room temperature, in the 800—
2700-nm-wavelength domain for different values and polarities of the drain and gate voltages. The
best results were obtained for a positive gate, when both semiconductors are in depletion. An
enhancement of about 25% of the photoconductive signal is obtained compared with the case when
the gate electrode is absent or is not used. A simple model is proposed that explains the behavior of
the dark current and photoconductive signal in PbS film with changing the gate voltag200®
American Institute of Physics[DOI: 10.1063/1.1468277

I. INTRODUCTION shown that significant variation of the photoconductive sig-
nal can be obtained by field effect for both positive and nega-

Lead sulfide(Pb9 is a well-known ABg semiconductor five drai h i fivit { £ PbS. A simol
compound with very good photoconductive properties in the' V€ drain, on the entire sensilivity spectrum o -ASImpie

infrared (IR) domain(800—3000 nm at room temperatufé model is proposed in order to explain the experimental re-
It has largely been used to manufacture photoconductivéun&

cells for civil and military applications. The standard method

used for preparing PbS films is the chemical bath depositiol. SAMPLE PREPARATION AND EXPERIMENTAL

(CBD).3~® This method is less expensive, easy to handleMETHODS

allowing the deposition of PbS films on a large area and on 114 SiQ layer was grown on single-crystallimetype Si
various substrates. The usual substrate for deposition is glagssters. Thermal oxidation at 850 °C was used. in an atmo-
and electrical Ohmic contacts are made from vacuuMgphere containing oxygen and water vapors. The final thick-
evaporated.gold, in coplanar gonf|gurat|on. PbS films werg s of the Si@layer was of about 250 nm. The PbS film
also deposited on other8 semiconductor materiés ex- ;a5 deposited by the CBD method, using lead nitrate
ampleg on Si, Ge, or _In)E7'_ on ferroelectrics cerlgmldsPZT [PH(NOs),] as the PB* ion source and thioureea as th&'S
type),” or on dielectricgsilicon nitride (SiN,)].™ Pseudo- o sourceb® The deposition is performed in alkaline me-
metal—oxide—semiconductépseudo-MO$ structures were iym ysing sodium hydroxidéNaOH), the starting solution
also manufactured in order to study the fleld—effect—asssteBH being 11. Small amounts of a reducing agémtdroxil-
photoconductivity. An example is the PbSfSi/Si structure  gmine chiorhidrateand of a Bi salt are introduced in the
in which the drain and source electrodes are deposited on gy, in order to control the nucleation/growth process during
PbS surface and the gate electrode is on the Si subé‘fratethe deposition of the PbS layer. It is known that the photo-

The structure ip—i—n-type, PbS being thp-type semicon- . quctive properties of PbS are strongly dependent on film
ductor, while the Si substrate tstype. It was shown that on morphology that, in turns, depends on the bath

such structures it is possible to control the photoconductivecompositionq,n,lz-l-he PbS film is then photolitographic pro-
signal in PbS by the applied gate voltage. For positive gatgesseq, leaving an area of 3.5 mnt. Gold electrodes are
voltages it is possible to obtain an enhancement of th,c,ym evaporated on the PbS surface, the final active area

signal-to-noise ratio compared with the case when no 9atgeing of 1.5¢1.5 mnt. After electrode deposition, the PbS
electrode is used. However, it was observed that for positiV§|ms are aged at 80 °C for about 80 h in air. The final struc-
drain the leakage current through the dielectric layer iny, .« ig schematically presented in Fig. 1.

creases, leading to incrgased noise aqd decrgased signa}lj The The photoconductive measurements were performed in
best results were obtamed‘ for negative draln a”d_pos't'v?nodulated light, using the standard setup composed by a
gate cases when both semiconductors are in depletion.  4ating monochromatdmodel Spex270 a lock-in amplifier

_ In '_[he present article the dielectric _Iayer is silicon d_lO)_(- (model SR830DSP a dc voltage sourcémodel Grundig

ide (SiG). A pseudo-MOS structure is realized and it is 300), an incandescent lamp as an IR souf@@ W nominal
electric powe), and a mechanical choppémodel Ithaco
¥Electronic mail: pintilie@ikz-berlin.de 383A). A load resistance, with a value close to the dark re-

0021-8979/2002/91(9)/5782/5/$19.00 5782 © 2002 American Institute of Physics

Downloaded 15 May 2002 to 139.179.96.48. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 91, No. 9, 1 May 2002 Pintilie et al. 5783

I & 7
\ l l Drain 6 _ 4 3 Y

g 5| / g ﬁ\
Vyq — < . ) E \
\>—< i /ﬁ//@ N 5 \
N r / A
2 3 A\A~ »/A“A // Z ,’A h y
Ve Source = R ST i A Y
C) ) 2L g R . ‘t'{/i//A b\‘ \\
g A'\A A @ g _G/A \\x\
Q ! a—r” oA
@ 1k BN
RL o I
0 1 I I " 1 il 1
800 1200 1600 2000 2400 2800

Wavelength (n
FIG. 1. Schematic of the pseudo-MOS PbS/SiS structure and of the gth (nm)

electrical setup used for field-effect-assisted photoconductivity measur

F1G. 3. Spectral distribution of responsivity in the case of PbS/S8D
ments:Vy, drain voltageVy, gate voltage; an®, , load resistance. P P y S

heterostructures, for different gate voltages: open-squares, floating gate;
solid squares, ground gate; solid trianglég= +30 V; and open triangles,
Vg=—30V. Drain voltage wast30 V.

sistance of the PbS filnfusually a few hundreds(k), is

series connected with PbS and is used to collect the photo-

conductive signalsee Fig. 1 For current—voltage V) film. It can be observed that the value of the drain current
characteristics a Keithley electrometer, with a built-in dcdecreases by increasing the value of gate voligge

voltage sourcemodel 6517A was used. For field-effect- The spectral distributions of responsivity are presented
assisted photoconductive measurements an aluminum elegr Fig. 3 for different polarities and values of the gate volt-
trode was deposited on the Si substrate. This will be theage. The responsivity is defined as the ratio between the
so-called gate electrode by analogy with the pseudo-MO$neasured signab, expressed in volts\(), and the incident

transistors manufactured using silicon-on-insulat&Ol)  powerP;,. on the detector surface, expressed in watis
structures. In the present case the conductive channel is PbS,

the drain and source electrodes are on the PbS surface, and R(V/W) = ﬂ (1)
the Si substrate is the gate electrode. Pinc(W)

The drain voltage was in all cases30 V. The open-square
IIl. EXPERIMENTAL RESULTS curve was obtained for the floating gdtke gate electrode is

not connected It can be observed that for positive gate volt-

The transversal -V characteristics, between one elec- 5q5 the signal increases and for negative gate voltages it
trode from the PbS surface and the gate electrode, had showjacreases on the entire sensitivity range of PbS. Similar re-

that the leakage current through the dielectric layer is Very its were obtained for negative drdin30 V), but the sig-
low (a f?W PA no mattgr t'he polarity on the P,bS §urface. nal variation with the gate voltage was smaller in this case.
The drainl -V characteristics are represented in Fig. 2 for 4 (elative variation of the photoconductive signal is

different polarities and values of the gate voltage. Thes%resented in Fig. 4. This was computed using the following
measurements were performed keeping the sample in the

dark, thus no light was applied on the surface of the PbS
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FIG. 4. Spectral distribution of the relative variation of the photoconductive
FIG. 2. Drain current—drain voltage characteristics for different polaritiessignal: (1) V4=+30V andV,=+30V; (2) V4=+30V andVy=—-30V,
and values of gate voltagé,. Arrows show the increasing of the gate (3) V4=-30V andV,=+30V, and (4) V4=-30V andV,=-30V.
voltageV, . Formula(2) was used for computation.
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FIG. 5. Dependence of the photoconductive signal on the gate voltage
(V4= +30V).
of this channel is constant between the drain and source elec-
trodes. This is valid when load resistarRg (see Fig. 1is
formula: larger than the PbS film’'s dark resistance. A value of @ M
S(Vg) — Stoat was considered foR, , larger than the value of 250’kthat
AS(%)= TS (20 is typical for PbS films. However, the value f& used in
loat

simulation is larger than that used in the measurements, thus
whereS(V,) is the signal corresponding to a certain value ofsome simulated quantities will be smaller than the measured
the gate voltag®/, and Sy, is the signal measured when the ones(for example, the dark currentThe formula that gives
gate is floating(is not connected As it can be seen, the the dark current value is

relative variation of the signal is almost constant on the PbS Vv Y
d d

sensitivity range(800—2600 nm, the cutoff wavelength is | = — ’ 3)
2600 nm due to the glass bulb of the incandescent lamp, R+ pL R+ p
when using a Nernst glower the cutoff wavelength is 3000 Ll (d—Xpp9 - (d—Xppo

nm). . . . o
The wavelength was then set to a fixed vali800 and whereV is the drain voltagep is the PbS resistivity, is the

) - istance between the drain and source electrodés,the
2000 nm and the dependence of the photoconductive S'gna\?\/idth of these electrodes, is the thickness of the PbS film,

ggnTe%I ?r‘:l tFei voétagﬁevxéa;s rear:zzﬂ.cz;se ;)Itri;[?srlelﬂéiﬂtstsrzb%r nd Xpps is the thickness of the space-charge region in PbS.
g. > P P or the sake of simplicity it was considered that 1 (the

Vg=15V and _then has the _tendency to saturate. _Thes istance between the PbS electrodes is equal with their

curves were raised for a positive voltage of 30 V applied on_. : S

the drain electrode width). The thickness of the space-charge region in PbS can

ral rode. be computed solving Poisson’s equation in a simplified struc-

ture like that from Fig. 6. Thus, solving the Poisson’s equa-

IV. DISCUSSIONS AND THEORY tion in the three materials with the appropriate boundary and

The signal variation with the gate voltage can be quali-continuity conditions, and taking into account tHat
tatively explalneo_l if the fleld_ effect is _consuderedl. As it is Vgt Oppst Vi + D=0,

known, the chemically deposited PbS films priype: Con-

sidering that the Si substrate mstype, the studied samples XppNa=XsNp , @
are similar top—i—n structures will be considered an ideal y,, following expression fokp,s will result:
case, with an ideal insulator and flat energy bandsMgr
=0 V. \/ , 26 (1 A

Two effects can lead to signal variation with the applied —di+\/di+ m (;b; E_s| N_D (Vgt Vo
gate voltage. Xpps™ el 1 1N,
A. Variation of depleted region width in the PbS film E(;bs €5 Np

A simple model can be developed in this case. Consid- ®)
ering positiveVy, it follows that holes will be rejected from In Eq. (4) the first equation expresses the potential continuity
the PbS/SiQ interface and depletion will occur. The PbS at x=d+d;+Xg; (the border between the Si space charge
film can be divided in two layers in this case: one is theand the Si neutral volumeThe second equation expresses
space-charge region, near the PbS/SiQerface, which is the charge conservatigthe charges in the two depleted re-
supposedly free of charge carriers; the second one is thgions have to be equalThe notations ar¥ is the positive
neutral region. The model supposes that no current will flowoltage applied on the gate to obtain depletidry,sis the
through the space-charge region. Thus, the current flows onisurface potential at the PbS/Si@iterface k=d), V; is the
through the neutral channel. It is supposed that the thicknessltage drop across the insulator, add; is the surface po-
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z.

in PbS. Values used for the simulatioviy=+30V, R, =1 MQ, andV
varied between-30 and+30 V.

tential at the Si/Si@ interface k=d+d;). In Eq. (5) the

notations arespy,g is the dielectric constant of Pb&75), ¢ h litude of the oh ducti . Lin th
dielectric constant of insulatofin case of SiQ is 4), eg; e amplitude of the photoconductive signal, in the case

dielectric constant of Si12), N, is the acceptor concentra- of the rectangular modulation of the incident light, is given
tion in PbS (16°~107cm™2), Ny the donor concentration °Y
in Si (around 18°cm™3), andq is the elementary charg¥,, R Vq Ao 1

is a positive voltage that takes into consideration the pres- Av= 2 07 dexlw (6)
ence of the positive charge in the SiGayer. Due to this R, + p S) PbS
charge the structure is depleted when negative gate voltages d—Xpp

are applied, as it can be seen from the capacitance—voltaggere A¢ is the electric conductivity’s variation of the PbS
(C-V) characteristics presented in Fig. 7. The valu&/gf  fjim when it is exposed to lighty is the dark electric con-
can be as high as a few tgnth of volts. We have considered Guctivity of PbS film,xpps is the thickness of space-charge
value of 30 V for further simulation. . . region in PbS in the dark condition, arg, sis the thickness
~ From Eq.(5) it can be observed that increasig the  f the space-charge region in PbS when the film is exposed
thickness of the space-charge region in PbS increases. Thg jight. Formula(6) was derived considering that the thick-
thickness of the neutral channel, thatds; Xpps, decreases, ness of the neutral conductive channel is constant. As was
the resistance of this channel increases, and the current flow;entioned above, this is valid only if the load resistaRge
ing through the PbS film decreases wit. This is shownin g mych larger than the value of the PbS dark resistance. The
Fig. 8 and is confirmed by the experimental data presented ifg ;5] value of the dark electric conductivity for PbS is about
Fig. 2. 1.5x10° 1 Q" tem™L. It will be considered that the electric
conductivity variationAo is the same no matter if the gate
voltage is applied or not and is given only by the variation of
27 the charge-carrier concentration and carrier mobility under
illumination. Variation of the charge-carrier concentration
under illumination changes the thickness of the space-charge
261 region, also. This is considered througk,s, which is com-
puted using a carrier concentration equal WNR+n; in-
steadN,, wheren, is the concentration of photogenerated
25t : carriers. This is of the order of 38-10°cm™2 (depending
on the light intensity, while N, is of the order of at least
(5—-10)x 10cm™3,
Returning to Eq(6), it can be observed that the photo-
conductive voltage should increase with the gate voltage if
L L S the power of the incident light is constant. This is presented
30 20 -10 0 10 20 30 in Fig. 9,
Gate voltage (V) The relative variation of the signal was computed using

the following formula:
FIG. 8. Theoretical dependence of the dark current, flowing through the PbS
layer, on the gate voltage applied on the Si substrate. Equ@iamas used, (Avy —Avg)100
with Xpps given by Eq.(5). Values used for the simulation/y=+30V, R(%)= —>——
R =1 MQ, andV, varied between-30 and+30 V.

Dark current (uA)

24

AUQ ' (7)
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WhereAvVg is the photoconductive signal for a certain volt- (iv) A simple model is proposed, considering that the

ageV, applied on the gate, aniv, is the signal when the field-effect-controlled photoconductivity is mainly
gate voltage is zero. A value of about 20% was obtained for due to the variation of the space-charge width in PbS.
Rif Vg=+30V. This value is very close to those obtained (v)  The behavior of theoretical curves is similar to that of
experimentally. the experimental curves for the same range of gate
- _ voltages.

B. Variation of photogenerated holes lifetime

For large positiveV,, electrons(minority carrier$ will Further studies are needed to clarify why the results are
be attracted at the PbS/Si@nterface(inversion. This will ~ not similar for positive and negative drain voltages. These

lead to an increase of the photogenerated holajority car- ~ Structures open some interesting perspectives on PbS-based
riers) lifetime, because the recombination probability de-!R detector;, mainly regarding their integration with standard
creases. A further increase of signal can be obtained in thiSi €lectronics.

case. WherV, is negative, holes will be attracted to the

PbS/SiQ interface, their lifetime will decrease and the signal

will be smaller. This effect seems to contribute also to theACKNOWLEDGMENTS
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