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Laser-induced and frequency-scanned infrared photothermal radiometry was applied to a
crystalline-Si photoconductive device, and to polysilicon thin-film photoconductors deposited on
oxidized Si substrates by an LPCVD method. A detailed theoretical model for the radiometric signal
was developed and used to measure the free photoexcited carrier plasma recombination lifetime,
electronic diffusivity and surface recombination velocity of these devices, with the simultaneous
measurement of the bulk thermal diffusivity. A trade-off between detectivity/gain and
frequency-response bandwidth was found via the lifetime dependence on the wafer background
temperature rise induced by Joule-heating due to the applied bias. This effect was most serious with
the bulk-Si device, but was limited by the high resistivity of the LPCVD thin-film devices. In the
case of the bulk-Si device, the results of photothermal radiometry were compared with, and
corroborated by, frequency-scanned photocurrent measurements. More sophisticated analysis was
shown to be required for the interpretation of the polysilicon photoconductor frequency-responses,
perhaps involving the fractal nature of carrier transport in these grain-structured devicd9960
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I. INTRODUCTION history of surface processing, the thermal-wave-induced
blackbody component may dominate the radiometric signal,
Since the early photoacoustic studies of transport photowhich then becomes insensitive to electronic transport phe-
conductive phenomena in semiconductorsan increasing nomena.
amount of work has been reported in exploiting thermal- and  In this work radiometric signals from electroded photo-
carrier diffusion-wave effects in substrate Si wafemsd in  conductor devices, both bulk and thin-film, have been inves-
active photoexcited devicgby means of infrared photother- tigated and the full theoretical framework for the analysis of
mal radiometry. The utility of this technique lies in its ability such signals has been developed, including photocurrent
to yield electronic transport measurements in a nondestrug¢PC) frequency scans. It was found that, under consider-
tive, noncontacting manner and, more fundamentally, in exations of the full(plasma- and thermal-wayénfrared pho-
ploring near-surface electronic processes in semiconductotsthermal radiometri¢PTR) response, carrier plasma trans-
without the requirement for electrical contacts which areport processes can be monitored in both high-quality
known to perturb the energetics of the interfAcéery re-  substrates and in deposited and processed thin films. It will
cently we were able to identify a surface acceptor state ibe shown that PTR can yield measurements of the especially
undoped semi-insulating GaAs by photothermal radiometrigmportant, device-gain-determining recombination lifetime
deep-level transient spectroscdpyhich had previously re- and can further reveal its dependence on the dc temperature
mained hidden under the pinning of the Fermi level at theof the photoconductive device, owing to Joule-heating under
metal-semiconductor interface by the presence of the metathe applied bias.
lic contact. The advantage of photothermal radiometry over
other photothermal techniques applied to semiconductofj MATERIALS AND EXPERIMENT
characterizatidhis the domination of the signal by the car-

rier plasma-wave component in high-quality samplespe- Substraten-type Si wafers, OI resistivityy=20 Q cm,
cially at laser-beam modulation frequencies above the inWere oxidized thermally at 1150 °C for 17 h. The oxidation

verse of the thermal transit time in the material. Was followed by low-pressure chemical vapor deposition

Nevertheless, care must be taken in interpreting data, as {PCVD) at 630 °C and 500 mTorr of thin polycrystalline Si
has been showirthat, with some bulk semiconductors with a fiMs 1 um thick. The thin films were implanted with'Hons

at 200 keV and fluences of up to @&m 2, followed by a
thermal anneal at 1000 °C for 1 h, in order to electrically

a) i i i . . . e . . .
On leave from the Photothermal and Optoelectronic Diagnostics Laborag .y ate the implanted impurities and stabilize the grain size.
tory, Department of Mechanical and Industrial Engineering, University of

Toronto, Toronto M5S 3G8, Canada. Inspection with electron microscopy revealed a grain size of
DElectronic mail: mandelis@me.utoronto.ca ~500 A. Subsequently, conducting electrodes were formed
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FIG. 2. Experimental setup of infrared photothermal radiometry of bulk and
thin-film Si photoconductors.

bandwidth between 1 Hz and 1 MHz. The detector was fitted
with a Ge window, which filtered out the excitation beam.
z The PTR signal from the preamplifi€dEG and G Judson
, , o , Model PA-350 was fed into a lock-in analyzdEG and G

FIG. 1. Cross—secthnal views of thPT photoconductive Si dev@sThm— Model 5303. Normalized amplitude and phase curves were
ilm photoconductor;(b) Substrate-Si photoconductor. For fabrication pa- . . . e

rameters see text. obtained automatically, as it was verified that the data from a
reference Si wafer in the 1 Hz—1 MHz range could be accu-
rately fitted to a simple theoretical model of a single excited-

using an LPCVD-deposited masking oxide @ thick and state relaxation lifetimé without any further corrections.

a photolithographic mask, followed by doping of the contact "€ PC signal of some wafers was also monitored with
oxide regions by P-ion implantation at 120 keV and 10 the setup shown in Fig. 3, which is a modification of the
cm2 activated at 950 °C fol h in aneutral ambient. The S€tup of Fig. 2. The ac voltage-drop across a small resistor of
contacts were further metallized by aluminum evaporatiorkNoWn resistance value carrying the photocurrent was fed
using another mask level, followed by thermal diffusion atinto the lock-in amplifier and the amplitude and phase were
low temperature(450 °C, 30 mip. Finally, the remaining recorded as functions of the laser-beam-intensity modulation
masking oxide was lifted and several dice were cut andrequency with the dc electric field applied across the elec-
placed on ceramic chips. The cross-section of the resultingOde§ of the photoconductor as a parameter. The ac voltage
photoconducting devices is shown in Figall In this inves- ~ drop is proportional to the photocurrent generated by the
tigation attention was focused on the highest doping-densit@Ptical excitation of the sample. In opposition to direct pho-
photoconductorél x 10 cm™2), as they exhibited the stron- ocurrent measurements in series, the parallel-circuit geom-
gest free-carrier plasma responses. etry of Fig. 3 has the advantage of presenting high-

In addition, and for comparison purposes, bulk photo-
conducting devices were also fabricated on substrate Si wa-
fers. This process involved only the deposition of the mask-
ing oxide and the formation of conductive contacts on the
otherwise unprocessed substrifay. 1(b)].

The photoconductive devices were investigated by PTR Ack mixed
using the experimental setup of Fig. 2. The photoexcitation giam
source was a CW Ar-Kr mixed gas laser from Coherdmt sample
nova 70 emitting at mixed 488 and 514.5 nm. The gently
focused beam size was1 mm, with output power on the
order of 100 mW. The intensity of the laser was acousto-
optically modulated using an external sine-wave generator to * commotng o
automatically change the modulation frequency. The black- %:.
-

lens <

focusing lens

AOM

body radiation emitted from the semiconductor was collected
by means of two collimating, off-axis, Ag-coated, paraboloi-

dal mirrors and was focused onto a wide-bandwidth, liquid-
nitrogen-cooled, photoconductive HgCdTRICT) detector

with spectral response range petween 2 ar_wd,ujﬁ The  FiG. 3. Experimental setup of photocurrent frequency-response measure-
MCT detector/preamplifier circuit had a combined frequencyments of bulk and thin-film Si photoconductors.

aperiure

To AOM |
488 nm A To data acquisition
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impedance probes to the terminals of the known resistor, The total radiation power per wavelendiv/um) at the

thus consuming no current during the measurement. front surface arriving from the interior of a wafer of thick-
nessL, with the back surface unpolished so as to neglect
multiple reflections i3

Ill. THEORETICAL
A. Principles of semiconductor PTR P(w,\)= jLam(z;w,)\)ex;{— Jza.R(y;w,x)dy}
In the geometry of Fig. 1, the lateral dimensiofis4 0 0
mm) of the photoconductive device are assumed to be infi- XWp[O(z,t)]dz (6)

nite compared to the spot size of the laser beam, so that an

edge effects may be ignored. Furthermore, the 1-mm Spogssuming thatl <500 um and any process-related surface
size laser beam was large enough to assure the ond2mage layerisno deeper thamth, and furthermore taking

dimensionality of the PTR and PC signals, as its lateral giinto account that the photoinjected carrier density is limited
’ ~10' cm3 by lifetime reduction due to Auger recombi-

mension was large compared to the thermal- and electror® ) ’ ) =l IE
diffusion length in silo nations, the expression f&(w,\) results in contributions to

the dc,w, and 2v radiation fields. Consistently with the fil-
tering action of the lock-in amplifier, selection of the linear
(cw) terms only gives

For harmonically modulated optical excitation with su-
perbandgap radiation, the IR absorption coefficieq, is a
function of the free-carrier density in the semicondudtor:

. _ 0 i wt L

aRr(zZ;o,N)=aR(z,\)t+Aa(z,\)e', (1) Plo)= | a%(z\)AWs(Z0,\)dz
where the right-hand-side terms stand for the IR absorption 0
coefficient in the darkno illumination and due to photoex- L
cited free carriers at modulation frequenicy w/27r, respec- +f Wp(04,M)Aa(z;0,M)dz (7)
tively. The temperature rise in the semiconductor due to lat- 0
tice absorption, intraband de-excitation, and hot-electrofhere the expi(wt) terms were suppressédemodulatioin
interband recombination is Finally, an expression for the linear PTR signal can be found

O(2,1)=0,+A0(2)e'“. 2) assuming a depth-independeaf,;(\) and considering a

] ) classical model for wave propagation in a free plasta:
After a Taylor expansion around the ambient value of the

temperature, and retention of the first-order term only, thes

L
change in Planck’s distribution function is, accordingly, PTR(w’aV‘S):a()‘V‘S’(aO’Al’)\Z)fo A0(zays,0)dz
Wp[O(Z,t), N ]=Wp(Oy,N\) +AWp(Z,\,w)e, (3 L
where +b(>\vi31®oy)\1,}\2)f AN(Z;a\,iS,w)dZ.
0

2mhc?A (8a)

5 — (4)
Alexphc/nks®) —1] The coefficientsa andb are independent of the modulation
and frequency, but they depend on temperature and on the spec-
he/NKa® tral range of the MCT detectdk,,\,). They are given by the
B~ o

following expressions:
exp(hc/Akg®,)—1

AO(2,0)
X®—0.

WP(®!)\):

AWP(Zi)\1®O):WP()\1®O)

A2
5) a=[1- R()\vis)]f)\l [1-R(N)]Wp(N,0)

In Egs.(4) and(5) kg, h, andc have their usual meaning4; « hcajp(\)dN

is the emitting surface area, aids the emissior(infrared Akg® 3 exphc/\kg®,)—1]
wavelength. According to a statement of Kirchhoff's law re-
flecting conservation of energy, “at thermodynamic equilib—and

rium the rate of emission of blackbody radiation from the o

surface and throughout the bulk of a material is exactly equad=[1— R()\vis)]f [1=R(N)JWp(N,0,)
to the rate of absorption of radiation incident on the material M

per wavelength interval.” Although the above statement is A2q3d

strictly valid under equilibrium conditions, in practice it has
been found to be of broader validifyand applicability to
several nonequilibrium processes in semiconductors. whereq is the elementary chargm* is the effective mass of
Therefore, the infrared emission spectrum for a de-excitatiothe photoexcited carriers ang, is their mobility, ¢, is the
process in a semiconductor can be obtained directly from itglielectric constant of vacuum. Here it is assumed that elec-
(usually better-knownabsorption spectrum. Mandelgt al.  tronic transport occurs vi@xcess Ftype carriers, consis-
have given a detailed discussion of the applicability oftently with the types of samples employed in the experi-
Kirchhoff's law to the generation of dynamic PTR signtls. ments. For harmonically modulated incident laser intensity,

(8b)

X—a————, 8C
47°C ne,m* 2y, 80
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absorbed in the body of the semiconductor according to n(hv—Ey)

Beer’s law, which excites the excess photocarriers, H(z,0)= ——-— aloe” "+ 79 AN(z,w)
—aZ
I(z,w)=%(1+e‘wt), 9) +E-J(z,0). (14b)

Here 7 is the optical-to-thermal energy conversion effi-

where a=«;s, andl, is the intensity of the incident radia- ciency, taken to be equal to 1 in i, is the complex thermal
tion of optical frequency; 7q is the quantum efficiency of gitfusion coefficient,

the carrier generation process and will be taken to be unity.

For 1D diffusive propagation of the photocarriers along o= +iw/B, (140
the depth £) direction of a semiconductor of thickneks
(Fig. 1), the equation for the excess free-carrier density
AN(z,®), has been presented by Sheard and Somékitjs
given in a corrected form here:

B is the thermal diffusivity of the semiconductdt,is the
thermal conductivityE is the applied transverse electric field
between the electrodéz-direction in Fig. 3, J is the trans-
verse current density, arigl; is the energy gap.

The differential equation for the thermal-wave field is
subject to boundary conditions involving the surface recom-
bination velocities:

anl, g1—ge (*Foet

o=t |l

_ —(a—og)L
Yo T_ g az 9:G; ngzeiza - € } d
Gp—Gye 7% —k 5 40(z0)  =s:AN(00)E, (15a
z=0
xXe~ Ue(ZL—Z)ﬂ , (10) and
where the following definitions were made: K = AO(z,0) —S,AN(L, w)E,. (15b)
G _Doe—sy G _Doets, z=L
1 Dogts;’ 2 Doe—s,’ To determine the terri-J, use will be made of the experi-
mental fact that the photocurrent data from the bulk samples
gi= Dats gp= Da—s, _ (1)  Were consistent with a contribution from only the drift com-
Doe—s; Doets; ponent. Therefore, the diffusion current density along the
Here,s; and j=1,2 are surface recombination velocities atX-direction(Fig. 1) was neglected
the upper(1) and back(2) surfaces of the semiconduct@, E-J(z,0)=quE?AN(Z,0). (16)

is the carrier diffusion coefficient, ang, is the plasma-wave .
complex wave number, the inverse of the carrier complex The solution to the boundary-value problem of Egs.

diffusion length, defined as (14)—(16) involves considerable algebra. For the thermal-
: wave component of the PTR signal generation in the geom-
oo )= [ItioT (12) etry of Fig. 1b), however, only the optically opaque limit is
€ Dr '’ needed in the formf5A®(z,0)dz according to Eq(8a).
with 7 being the recombination lifetime of the semiconduc-The result s
tor. L 1 ol CoNo
Equation(10), when integrated over the thickness of the j AB(zw)dz=—[(1-e ")F+F5]—
(essentially infrared-transparent, but opaque in the visible re- ‘ °
gion: aL>1) Si wafer, as per the requirement of the total X (1—e %) (G, +e 7, (17)
PTR signal expressiofEq. (8a)], yields the result ] o
where the following definitions have been made:
fLAN( dz= 1€ [ Gate 7 } Cy+Coe 7t
z, z= —55 |- +Ce 7t
0 @ hu(Doe+sy)oe | Go— G 27e Flzl—EZUtL, (18a
(13) l1—e
o _ C,e %t +C,
B. The thermal-wave field in bulk photoconductor Si Fo=————=r (18b
devices 1+e
In the presence of an applied bias, the thermal-wave field B lo
in the semiconductor of Fig.(f) is given by No= hv(Doets;)(G,—Gye 2%h) (180
d? H(z,w - ) P ]
- AO(Z,0)— 0 AO(Z,w) = — (k ) ’ (149 Furthermore, the coefficients; andj=0,1,2 are defined
Eg+aunE?
where the thermal source tetthcontains components due to Co= m (19
nonradiative intraband de-excitation, nonradiative interband e 7t
carrier recombination, and Joule-effect heatifig: and
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_lo(hv—Eg) N ol 1 1(1—eme9) _
Cy= ko, +H[[31Eg((32+e ) fx0)=5| =, S[AN(X,0;0)
+0kCy(G,— e 27¢t 20

Noe ™ 7¢h [SE4(G,+1)

C, " +0.Co(1-G;)|. (20  whereas stands for the optical absorption coefficient of the

7t thin poly-Si film at the excitation wavelength of the laser
beam. It can be seen that the terms proportional to the

C. The plasma-wave field in thin-film photoconductor boundary values of the plasma-wave field in the thin film act
Si devices like carrier sinks and can be calculated from the carrier dif-

In the geometry of Fig. B the grown oxide acts as an fusion equation in the-direction [Eq. (10)]. This equation
electrical insulator between the surface polysilicon thin film¢an Pe used to det?rm|m(x,0;w) and N(x,d; ) in the
and the substrate. The combined thickness of the poly-Si angkPression forf (x, w):

SiO, buffer layers is much smaller than t_he the_rmal _diffu_sionf(x,w): f(w)
length wu(w)=|oy(w)|"* and the electronic carrier diffusion

length ue(w) =|oe(w)| " in the given structure, even at the g o Sa;
highest attainable modulatior) frequency of 1 MHz. There-  ~ hud 1-e %~ D(a?— o2,
fore, the only expected contribution to the PTR signal from o
the two thin layers is one of a surface source due to the 1+e” 7ef —(ag+oopd
; : - X| =——a—=7ma [G1G2(91— gpe™ ("1 e
plasma-wave in the poly-Si plus any thermal-wave contribu- G,— G e #7f
tion due to nonradiative relaxation in this layer. The trans-
parent, electronically inert oxide can, at most, contribute ef- +(glGl_ng2e(afae>d)eaed]_(1+eafd)”.
fectively as a thermal ac impedance, in series with the
poly-Si and the substrate crystalline Si. This possibility was (23)

modeled as a boundary conditfdrand tested computation- ) _ S
ally. It was found that the role of any thermal impedance dudn Ed. (23) the assumption was made of uniform illumination
to the 2.4um-thick oxide was negligible. The number den- Of the semiconductor surface, so thigtand the boundary
sity of free carriers in the Jsm-thick photoconductive Values of the excess carrier densities are not functions of the
poly-Si film cannot be depth-resolved by the PTR apparatuf@nsverse coordinate. Equati?) may now be solved con-

of Fig. 2 even at the highest frequencies, because the filMeniently using a Green’s function approach to the plasma-

thicknessd<|oo(wmg)| "~ Therefore, the quantity of interest Wave problem akin to the one developed earlier for thermal
is the depth-averaged excess carrier density waves?® Neglecting source/sink contributions from the

cross-sectional surface areas with unit normal vectors per-
d pendicular to thez-direction, Fig. 1, the standard Green’'s
(AN(X,w))= fo AN(x,z;w)dz, (21 function treatment? yields

w
which is likely to vary in the transverse directior)( due to (AN(X,w)Ff f(Xo,0)G(X=Xo,w)dXo— unEx
electronic traps and imperfections germane to the grain-type 0
structure of the photoconductor. Assuming the existence of w
internal microscopic electric fields, e.g., across grain bound- Xf
aries, the equation of conservation of charge in the transverse
direction can be writtef¥*°

G(X_Xo ) % <AN(X0 ,w))

—(AN(Xq,w)) dixG(X_XO’w) dx,, (249

d? d
dx2 (AN(X,0)) = (unEx/D) dx (AN(X,0)) whereW is the spot size of thauniformly) photoexcited area
of the thin-film photoconductor an®(x—X,,w) has the
1 form
—oe @) (AN(X,w)= - 5 f(X.0), (229
G(X—Xg,w)= ex —2a(@)|X—X,|1,
where o, denotes the complex plasma wave number in the V2D S(w)
thin-film region: In practice, Eq12) describes this quantity, (253

with 7 being replaced by; andD by D; . E, represents the

total electric field (external and interngl along the  with the effective complex plasma-wave numbers
x-direction, and the usual boundary conditions at the upper
and lower surfaces of the thin film appl{,under the as- Se(@)= o5 @)+ (nE,/2D)? (25b)
sumption of equal recombination velocities;{=s,;=S5)

due to the essential symmetry in the deposition process.

These give the source term Se(w)=Ss(w)— (u,Ex/2D), (250
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where the electronic diffusivity was assumed to be isotropic. :
Equation (24) eventually gives the depth-averaged carrier ] @)
plasma density 173 Tevon,
§ i}B-DBEEEGEDEEE‘EDEU—BEEBD—EﬂEEM MA&XVVV\;V
£ B8, 'y
f(w E,/D)—2 o) o 10" 4 PSasy
<AN(W,(1))>: (0)[(mnEx e(w)] E
DX e()[V2Ss(w) +(unExD)] g
100 -
X[1—e Tel@W) (26) 4 T, 8us  $,=100 cmis
g 1 t1=1ins  s,=10° cmis
subject to the boundary conditidh(0,w))=0. 107 7 r=16ps
] t=20ps
10-2 T UL T T T LR T T
D. The thermal-wave field in thin-film photoconductor " " Freque::;(Hz) ' b
Si devices
The calculation methodology for the PTR signal from 0 ] (0)
the device geometry of Fig.(d) requires the integral of the ]
plasma-and thermal-wave fields over thire sample thick- 0]
nessL, according to Eq(8). The former can be found from g
the theoretical considerations of Sec. Ill C. Assuming negli- § _; |
gible thickness of the thin-film layed<<L, one obtains 3 o v
T o 5V
L L e ] T,=8us  §,=100 cm/s & 1oV
f ANT(z;w)dz:<AN(w))d+f AN(z;w)dz, (27 & ] tfzﬁ:ps = 10° em/s v 20V
0 0 S T 2 N |
where the terms on the right-hand side are given by . 100 H20 “S‘ - .‘..—.m?o‘ry. T

and (13), respectively. The thermal-wave problem proceeds 102 100
in a manner similar to the one developed in Sec. 1l B. In the
present case, however, the new source term is

104
Frequency (Hz)

FIG. 4. Amplitude(a) and phaséb) of the photocurrent frequency scans of

Hy(z,w)= hv—Eg al e~ (afd+a2) the substrate-Si photoconductor. Parameters of simultaneous best fits:
A hy 0 D =20 cnf/s; L=250 um; s,=107 cm/s;s,=10° cm/s. 7; indicates the best-
fit lifetime at applied dc voltagej§.
Eg B
+—e *9AN(z, ), (28)

. L . 5. (AN(w))
subject to boundary conditiofil5b) and to the modified (Egs+WaunEy) N

[0}

boundary condition
must be added to the existing two terms.

d
—k ;407(z.0)]  =(SEg+quaEW)(AN(w))

z=0 IV. RESULTS AND DISCUSSION
+5;AN(0,w)Ey, (29 A. Bulk Si photoconductors

which replaces Eq154. It should be noted that there is no ~ The PC frequency scan of the photoconductor of geom-
current source in the substrate Si, which is also partly pho€try Fig. b) is shown in Fig. 4. This type of measurement is

toexcited by the fraction of the incident beam that penetrate§omplementary to the PTR response and is generally simpler
the 1um-thick poly-Si layer, as the insulating oxide layer t© interpret, as it carries only electronic transport informa-

prevents this from occurring. This has been verified experifion. Of course, its main disadvantage is its contacting nature
mentally by measuring zero photocurrent from the low-doséind the need for depositing ohmic contacts on the semicon-
implanted photoconductor thin filn{ss5x10** cm™2 P*) of ductor. The theoretical interpretation of the data assumed a

identical fabrication and geometry to that depicted in Fig.purely drift-current mechanism at each depthand a total
1(a). current densityl, consisting of all the individual elementary-

The resulting expressions for the thermal-wave field ardayer dz contributions to the collecting electrodes:

therefore similar to Eqs(18)—(20), with the following L
changes: Jn(Z,w)Iq,unEf AN(z,w)dz. (30
(i) 1, must be replaced by, exp(—a;d) in Egs. (180 0
and(209); Furthermore, it was assumed that there was no plasma
(i) E=0in Eq.(19); concentration gradient along the transvers@ (lirection.
(iii ) Inside the heavy brackets of E0g an additional The depth-dependence of the excess carrier density is given
term by Eqg. (13). Equation(30) predicts a linear dependence of
J. Appl. Phys., Vol. 80, No. 9, 1 November 1996 Mandelis et al. 5337
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FIG. 5. Dependence of PC signal amplitude and pltiasets on applied dc
bias of the bulk Si photoconductor fér=10 kHz and 100 kHz. Numbered
points: Theoretical best fits of Eq430) to the data forboth modulation 0 (b)
frequencies withu,=0.135 n#/V s (Ref. 23 and[r (us), D (cn?/s)] pairs:
(1: 20, 18; (2: 15, 17; (3: 10, 17; (4: 9, 179; (5: 8, 179; (6: 7, 16; and(7:
6, 16.

g
the PC signal on the strength of the applied electric field g
The results of the theoretical fits are shown in Fig. 4 for g Y,

various applied transverse voltages. The fits of both ampli-g
tude and phase curves were excellent, provided the carrief-
recombination lifetime was adjusted for each voltage. It was
found that the actual value of the electronic diffusivily 1
was not crucial to the fits, as long as it lies between 16 and -1 ——rrr ey
20 cnf/s. The fits were sensitive to the value sf which 102 10
determined the slope of the amplitude decay, whereas the

value of s, was relatively unimportant, as long as it was

much larger thars;, in agreement with earlier findings by FIG.6. Amplitude(a) and phaséb) of the PTR signal frequency scan of the
Sheardet al. using PTR signald Physically, this is as ex- J50e°P1FE 1 SMG40, . anosvsies e o 4 e
pected, since the back surface of the wafers was not polishgks units; best-fitteca-values: 3.&10° MKS (V=0); 2x10° MKS (V=10

and therefore presented a large specific area for recombin&); and 5.5¢10* MKS (V=20 V).

tion. The PC signal fittings were most sensitive to the recom-

bination lifetime values, which decreased with increasing ap-

plied dc voltage. This suggests that the dc temperature Figure 6 shows the PTR frequency scans from the same
increase of the sample due to Joule-heating affects the lifesample. Both amplitude and phase have been fitted to the
time values in a manner consistent with the Shockley-Reedheory of Eq.(8a) with the subsidiary Eq(13), for the

Hall recombination mechanisf. The best-fittedr and D thickness-integrated, free-carrier density, and(&a@) for the
values are well within the accepted norms of recombinatiorthickness-integrated thermal wave. In each of the various dc
lifetimes in Si#?? Figure 5 shows the PC sign@mplitude  voltage-dependent curves the prefac@arandb in Eq. (8a)

and phasevs applied voltageV,. data at two modulation were adjusted accordingly, so as to produce additively the
frequencies. The electric-fiel® values utilized in the PC optimal overlap in thermal- and plasma-wave components.
and the PTR signal fits welle=V4J/2x10 3 V/m, reflecting  This was rather easy, as the thermal wave affects primarily
the lateral dimensions of the sample. Equati®®) predicts a the low-frequency end<1 kHz), whereas the plasma wave
strictly linear dependence of the signal amplitudeEgrwith  dominates the high end. It is worthwhile to mention that the
no dependence of the signal phase. The data were best fittbest fits used the lifetime-electronic diffusivity pairs mea-
to the theory, however, by adjusting the valuerdbr every  sured from the PC data of Fig. 5, which indicates identical
value of the applied voltage. The resulting values were founelectronic PTR and PC signal production mechanisms. The
to be consistent for both signal channels and both modulatiolow-frequency data were sensitive to the actual value of the
frequencies, Fig. 5, and exhibit considerable decreases of thermal diffusivity of Si, which was found to be 1.0 éfs, in

as well as slight decreases Bf, asV,. increases. The im- excellent agreement with literature valfésThe inserted
portance of this finding rests with the potential limitations of value for the thermal conductivity of Si from the literature,
the bulk crystalline Si photoconductor to operate under higk=148 W/m K2 was not a sensitive parameter of the fit.
bias to improve its gain and detectivity, which seems to bring  Figure 7 shows the PTR equivalent of Fig. 5. The maxi-
about a narrowing of its frequency response bandwidth. mum applied biag30 V) in both PC and PTR cases was

10
Frequency (Hz)
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FIG. 7. Quadratic dependence of PTR signal amplitude and ghresssd on
applied dc bias of the bulk Si photoconductor for10 and 100 kHz. All
parameters fitted into the 10 kHz curve are as in Fig. 5, including the
theoretical best fi{7, D) values to Eq(8a). The value pair of the constants
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1.2); (4: 1.0, 2.0; (5: 0.55, 4.0; (6: 0.40, 7.0; and(7: 0.35, 10.0.
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PTR Phase (degrees)

limited by the over-heating of the sample contacts due tothe & . 4y
flow of high current densities. The minimum value is for { = 6oV
V=0V, as there is no need for an applied bias in order to ;1 the°'y| S
obtain PTR signals. The agreement between the two sets of 10¢ 10°
fitted values is excellent, as the same valuesr(&f) and

D(V) were used for both figures. The quadratic dependence _ ,
on V (and therefore ofF) of the PTR amplitude should be i At Er R eie B e were aseigned the

noted in agreement with the thedrgs. (17)—(20)]. values found for the bulk crystalline Si photoconductor at zero bias. Thin-
film values:D¢=9 cnf/s; d=1 um; B;=0.1 cnf/s; k;=15 W/m K; s=10*
m/s; =11 us (V=0 V), and 6us (V=60 V).

104
Frequency (Hz)

B. Thin-film polysilicon photoconductors

The PTR response of the device in the geometry of Fig. The change of the value paila,b) is expected with
1(a) is shown in Fig. 8. In this case, substantial increases oincreasedv., owing to the rise of the background dc tem-
the applied bias resulted in only small changes in the PTRerature of the sample. The set of parameter values shown in
signals. This is due to the much higher resistivity exhibitedthe caption of Fig. 8 includes several to which the fit is
by these thin films compared to the crystalline Si photocon+elatively insensitive, such as the thermophysical properties
ductors. For all thin-film devices with lower doping density of the thin film. This fact is expected, because the thin film is
than 1x 10" cm 2, there was no discernible difference in the entirely thermally thin and the PTR technique cannot mea-
PTR amplitude and phase responses between 0 and 60 stire thermal transport across its bulk. In any case, it should
bias. Theoretical fits of Eq27) and of the modification of be remembered that the presence of the thin film in the
Eqg. (17) as discussed in Sec. Il D were produced and areheory appears only in the front-surface boundary condition
also shown in Fig. 8. There was no possible operation basddq. (29)]. Similarly, its weight on the value of the PTR
on the thin-film material values oE,, wu,, or 7, which  phase is insignificant at low frequencies, where the thermal-
would lead the theoretical curves to agree with the observediave power centroid lies well within the substrate, as shown
trends and shifts in both amplitudad phase of Fig. 8. The in Fig. 8b). Nevertheless, the technique is sensitive enough
only way that a reasonable fit would be affected was byto the thin-film lifetime at high frequencies; this parameter
adjusting the values of the prefactor pad,lf) in Eq. (8a), determines the position of the maximum of the phase curve.
which tended to broaden the phase half-width by shifting thelhe sensitivity of the theoretical fit to the remaining param-
high-frequency wing while incurring no shift of the low- eters of Fig. 8 is low. Unfortunately, a theoretical fit to the
frequency wing. At the same time, knowledge of the sub-PTR signal vs/ for the thin-film photoconductors does not
strate lifetimer was an important input, as this is a parameteryield meaningful results either, because the simultaneous ad-
to which the curve-fitting is sensitive: This allowed the justment of 7z, a, and b is needed, leading to nonunique
unique fixing of the surface thin-film photoconductor layer parameter sets, unless detailed fittings are performed at each
lifetime 7;, a very important parameter for the operation ofand every level of applied bias.
the photoconductive device and quite difficult to obtain Finally, the PC frequency spectra of the thin-film photo-
otherwise. conductors were also obtained and are shown in Fig. 9. The
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V. CONCLUSIONS

10°

Infrared photothermal radiometry and photocurrent de-
tection were utilized both theoretically and experimentally to
analyze the performance of bulk crystalline Si and LPCVD
polysilicon thin-film photoconductive devices. The devel-
oped theory was fitted to the data from the former samples. It
yielded excellent agreements leading to information on the
dependence of the recombination lifetime on the background
temperature of the device, via heat release due to the Joule
effect: Detectivity increased at the expense of frequency-
response bandwidth.

102 I o The theoreticall deve_lopment was alsglapplied t_o the data
10° 10¢ 105 108 from the most highly implanted polysilicon device and

Frequency (Hz) yielded quantitative values for the mean recombination life-
time of the thin film, as distinct from that of the substrate Si.
Much more modest increase in the detectivity with bias was
observed in these structures, however, accompanied by a
smaller decrease in detection bandwidth, owing to the much
higher resistivity of these granular photoconductors.

The PTR technique has the advantage of treating the thin
film as a lumped thermoelectronic element by probing its
totally thermally thin dimension without regard to its lateral
microstructure. As a consequence, one can obtain quantita-
tive information about the mean lifetime of this device in a
relatively straightforward manner, even though the details of
w0 the microstructu_re are not ye_t fully elucidated. On the con-

10 1(')3 ! 155 100 trary, the PC signal is dominated by transport across the
domains of the microstructure, which makes the determina-
tion of the lifetime difficult or impossible without sophisti-

FIG. 9. Amplitude(a) and phasdb) of the photocurrent spectrum of the Cated analytical considerations.
thin-film photoconductor of Fig. (&), whose PTR response is shown in Fig.
8.
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