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Infrared photocarrier radiometry of semiconductors: Physical principles, quantitative depth
profilometry, and scanning imaging of deep subsurface electronic defects
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Laser-induced infrared photocarrier radiomeiyCR is introduced theoretically and experimentally
through deep subsurface scanning imaging and signal frequency dependencies from Si wafers. A room-
temperature InGaAs detector (0.8—&) with integrated amplification electronics is used instead of the
liquid-nitrogen-cooled HgCdTe photodetector (2—d&1) of conventional photothermal radiometry. PCR
measures purely electronic carrier-wa@W) recombination. The InGaAs detector completely obliterates the
thermal-infrared emission band (8—-12n), unlike the known photothermal signal types, which invariably
contain combinations of carrier-wave and thermal-wave infrared emissions due to the concurrent lattice ab-
sorption of the incident beam and nonradiative heating. The PCR theory is presented as infrared depth integrals
of CW density profiles. Experimental aspects of this methodology are given, including the determination of
photocarrier transport parameters through modulation frequency scans, as well as CW scanning imaging. The
PCR coordinate scans at the front surface of -5@@n-thick Si wafers with slight back-surface mechanical
defects can easily “see” and create clear images of the defects at modulation frequencies up to 100 kHz, at
laser-beam optical penetration depthl wm below the surfacdat 514 nn). The physics of the contrast
mechanism for the nonthermal nature of the PCR signal is described: it involves self-reabsorption of CW-
recombination-generated IR photons emitted by the photoexcited carrier-wave distribution depth profile
throughout the wafer bulk. The distribution is modified by enhanced recombination at localized or extended
defects, even as remote as the back surface of the material. The high-frequency, deep-defect PCR images thus
obtained prove that very-near-surfa@ehere optoelectronic device fabrication takes plameotocarrier gen-
eration can be detrimentally affected not only by local electronic defects as is commonly assumed, but also by
defects in remote wafer regions much deeper than the extent of the electronically active thin surface layer.
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[. INTRODUCTION set of parameters in any given situation. With our develop-
ment of the PTR methodology as a quantitative technique for
In recent years the development of laser-induced infraregtondestructive semiconductor diagnostics, we fédritiat
photothermal radiometryPTR) of semiconductors in our e€arly measurements reported without regard to computa-
laboratory = and elsewher@ as a quantitative methodology tional uniqueness using simplified theoretical fits to
for the measurement of transport properties of semicondudféquency-scan signals cannot be unique and therefore
tors has led to several advances in the noncontact measuré&liable. _ .
ment of four transport parameters: bulk recombination life- Several schemes to enhance the photoexcited free-carrier-
time, (two) surface recombination velocities, and carrier d€NSity-wave(or simply “carrier-wave,” CW contributions
diffusion coefficient in Si(Refs. 1-10 and GaAs(Ref. 1J). to th_e p_hotothe_rmal signal have been_ proposed_, such as
Reviews of the subject matter have been presented b orking in the high-frequency, CW dominated, regime with

2 . . .
Mandelig? and Christofidegt al'®. The major advantage of TRY, or using a tightly focused pump laser beam in

18 .
PTR over other photothermal techniques, such as photoF—)MOR' However, the presence of even a diminished TW

modulated thermoreflectan€EMOR), has been found to be component in the high-frequency PTR will be shown in this

he hiah itivity of PTR to the ph ted f -~ work to have significant effects on the measured values of
the higher sensitivity o to the photoexcited Iree-carriery, o yansport parameters, to compromise sensitivity to the
density-wave(the modulated-laser driven oscillating elec-

Siy-iav P RIS16 T carrier wave and to complicate the task of physical interpre-
tronic diffusion wave’) than PMOR:>™"This advantage ex-  tation of the signal, thus raising the question of uniqueness of

ists due to domination of the free-carrier wave over thethe measured set of solid-state transport parameters. On the
superposed thermal-way&W) contributions to the PTR sig- other hand, very tight focusing of the pump laser beam in
nal. Even so, the ever-present thermal-wave contributionPMOR tends to give rise to usually undesirable nonlinear
due to direct lattice absorption, followed by nonradiative en-thermal and electronic effect3®?°besides being unable to
ergy conversion and blackbodthermal-infrareglemissions,  sufficiently eliminate the TW component of the sighal.
have resulted in the PTR signal interpretational and computherefore, given the fundamental and practical importance
tational difficulties due to the large number of variablesof developing an all-optical, nondestructive and nonintrusive
involved?® Therefore, confidence in the measured values ofliagnostic methodology for monitoringnly the transport

the four electronic transport properties is always accompaproperties of semiconductors, we concluded that the search
nied by the hurdle of assuring uniqueness of the measurefdr a purely carrier-wave laser-based detection methodology
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FIG. 1. n-type semiconductor energy-band diagram showing ex- FIG. 2. Cross-sectional view of contributions to front-surface
citation and recombination processes. Energy emission processesdiative emissions of IR photons frofa a semiconductor strip of
include nonradiative intraband and interband decay accompanied lijticknessdz at depthz; (b) reentrant photons from the back surface
phonon emission, as well as direct band-to-band recombination rague to reflection from a backing support materia); emissive IR
diative emissions of energyw(\g) and band-to-defect/impurity- photons from the backing at thermodynamic temperalye The
state recombination IR emissions of enefgy,r(\Ap). carrier-wave depth profilAN(z, ) results in a depth dependent IR

absorption/emission coefficient due to free-carrier absorption of the
must move in the direction of isolating and eliminating the infrared photon fields, both ac and dc.
superposition of thermal-wave contributions to the infrared
emission spectrum. In view of the inability of photothermal Perature, or to radiative decay which will produce photons of
semiconductor diagnostic methdd&® to eliminate the near- or sub-band-gap energy. A table of radiative recombi-
thermal-wave contributions, the development of infrared la-nation lifetimes at 300 K in Si and other semiconductors has
ser radiometry of semiconductors to optimize this task haeen compiled by Haff? In the presence of impurity or de-
been very promising, given the intrinsically higher sensitiv-fect states within the band gap, free-carrier decay to one or
ity of its photothermal embodiment, PTR, to the photoex-more of those states may also occur through nonradiative or
cited carrier-density wave than other photothermal techrfadiative transitions symbolized by dashed and full arrows,
niques, notably PMOR® In this paper, the theory and respectively, in Fig. 1. Again, the former will raise the tem-
experimental configuration of infrared laser photocarrier raPerature of the semiconductor crystal through phonon cou-
diometry (PCR), a technique only sensitive to the recombi- Pling to the lattice, whereas the latter will produce photons of
nation of free photoexcited carrier-density waves, are intro€nergyEg—Ep=fiwir. In actual semiconductor materials,
duced. Next, a first application of PCR to depth-profilometricthere may be a distribution of impurity and defect states into
imaging of deep-lying mechanically induced electronic de-which deexcitation may occur. Therefore, it is more relevant
fects inp-type Si wafers is presented, along with a compari-to consider the full spectral range of IR emissions from a
son of PCR to conventional PTR with regard to quantitativePhotoexcited semiconductor crystélwg=%fw(\p). If the
measurements of CW transport properties_ eXCiting Super-band-gap radiation is inteﬂSity modulated at
frequency f=w/27r, then the photogenerated free-carrier
density constitutes a spatially damped carrier-density wave
Il. THEORY OF INFRARED PHOTOCARRIER (CW) (or carrier-diffusion wavé® which oscillates diffu-
RADIOMETRY OF SEMICONDUCTORS sively away from the generating source under its concentra-
A. Kirchhoff's law and the oscillating carrier wave tion gradient and recombines with a phase lag dependency

] ) on a delay time equal to its statistical lifetimea structure-
In a photoexcited semiconductor of band-gap enélgy  and process-sensitive propeffyFigure 2 shows a virtual

an externally incident optical source such as a laser beagyoss section of a semiconductor Si wafer where an infrared
with super-band-gap energy photohe,is=Eg will be ab-  emjssion photon distribution is produced following laser ra-

sorbed and can generate free carriers which may subsgiation absorption and carrier-wave generation. For one-
quently follow several deexcitation pathways as shown ingimensional geometries, such as those obtained with thin
Fig. 1 for ann-type material. Ultrafast decay to the respec-crystals and/or use of laser beams of large spot size, only
tive band edgee.qg., conduction bandhrough nonradiative  5rward- and backward-emitted photons of wavelengtire

transitions and emission of phonons, will raise the temperadepicted. The IR power generated Jtwithin a spectral
ture of the semiconductor locally. The free carriers will fur- yonqwidthdx is given by

ther diffuse within their statistical lifetime and will recom-

.bine.with qarriers of the opposite sig_n across the band gapor ¢ Pi(Z,t;0) = {WN T1(Z,0); A ]+ 7RWer(N)};dN;

into impurity and/or defect states within the band gap. The

electron-hole recombination mechanism with or without j=r.t [W], (1)
phonon assistance will lead either to nonradiative energy

conversion through phonon emissiofesg., in indirect-gap where Wyrl T(z,t);\] is the thermal-infrared power per
semiconductors such as)Svhich will further raise the tem- unit wavelength generated due to temperature rise following
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optical absorption, as well as due to other nonradiative dethe well-known Kirchhoff law
cays. The subscriptsr {t) indicate back-propagating‘re-
flected”) or forward-propagating(“transmitted”) photon e(T,N)=a(T,\) 5)

power.W.g(\) is the spectral power per unit wavelength, the. . L . .
product of the recombination transition rate from band to'> obtained. Considering the absorption coefficiei(x, T)

band, or from band edge to defect or impurity state, as th@nd the emission coefficier¢(x,T), the radiation den-

case may be, multiplied by the energy difference betweef?Y Of_ the blackbody in th% medium is given by
initial and final stateszny is the quantum yield for IR radia- E(A’T)_ “'R()".T)FP()"T) [Jm™=],  where Fp(),T)
tive emission upon carrier recombination into one of these~ We(T,A)/A7 is the blackbody energy flux across the el-

states.T(z,t:\) is the total temperature, including back- ementary are# within 7, the characteristic emission time.

ground temperature, temperature increase due to thermdiccording to Kirchhoff's law, using Eqg4) and(5), we find

wave oscillation following laser-modulated absorption and
optical heating, as well as other nonradiative energy conver-

sion pathways. Therefore, When an external energy source, such as a laser beam, upsets
) ] the charge-carrier-wave distribution equilibrium as is the
W/ Tr(2, 1A ]=We[ To(z,1);N ]+ (1~ 7r) Wer(M) case with PCR, one needs to proceedqwith great caution in
+Wop(N) [W/ml. ) applying Eq.(6): Clearly, once a SL_lper-band-ga_p photon qux_
raises free carriers above the equilibrium density in the semi-
Here, Wp[ To(z,t);N]d\ is the familiar Planck distribution conductor, their recombination rate increases above the equi-
function, or spectral emissive power, representing the rate dforium value, which in turn generates sub-band-gap spectral
radiative recombination withiml\, and sample volumaV  emissive powemgW,g(\)d\. The physical picture involves
=Ala;r(\)] 1 of emitting cross-sectional aranormal to  the emission rate of the thus created IR photons and its com-
thez axis in Fig. 2, and depth equal to the optical absorptiorparison to the absorption rate of the same IR photon field by
depth at infrared wavelength. «|g(\) is the IR absorption the semiconductor in inducing the reverse optical transitions,

6()\1T):aIR()\1T)' (6)

coefficient at\ and since detailed balance requires that the recombination IR ra-
diation should have the same spectrum as the absorbed IR
8mh(cy/n)2A d photons of the ambient radiation filtlAway from carrier-

We[ Ts(z,t); N JdN =

[W], density equilibrium, the approach of Weinst&imay be
3) adopted. Through thermodynamic arguments Wein&tein
and Bauet’ conclude that the emission coefficient, defined
(co/n) is the speed of light in the medium of refractive index for spontaneous processes only, is entirely determined by the
n. T¢(z,t) is made up of only two contributions: background energy state configuration of the material and by the sponta-
temperature and harmonic optical heating of the lattice aheous transition probabilities connecting them. Therefore,
modulation frequency. The remaining symbols in Eq2) e(\,T) is independent of the ambient radiation field. It fol-
have the following meaning®V,(\) is the thermal IR pho- lows that, for Kirchhoff’s law to be valid, it suffices that the
ton generation power per unit wavelength due to intrabandjuantum states of the medium obey the equilibrium distribu-
nonradiative deexcitation of hot carriers with enefgy,;s  tion, regardless of the temperature distribution of the radia-
—Eg, Fig. 1. (1- ng) is the nonradiative quantum yield for tion field. In low-power laser interactions with electronic car-
recombination processes, which generate total powetiers, it is easy to justify the Weinstein-Bauer conditions, as
Wegr(N\) per unit wavelength. long as(i) there exist no intense electromagnetic optical or
The use of Eq.(3) in describing the thermal emissive thermal gradient fields in the semiconductor to upset the
power assumes the existence of thermal equilibrium in thguantum configuration of the energy states, driving the struc-
semiconductor, a condition known as the principle of de-ture away from electronic energy equilibriurtii) upward
tailed balance. It states that the rate of radiative recombinaglectronic transitions following optical absorption result in
tion at thermal equilibrium within an emission frequency in- efficient radiative deexcitations with minimal temperature in-
terval dv, centered at frequency, is equal to the crease of the lattice; dfiii) even if significant temperature
corresponding generation rate of electron-hole pairs by thehanges occur due to nonradiative decays which may affect
thermal radiation field present within the semiconduétor. the background temperature of the lattice as in the case of
Detailed balance is, in itself, a statement of Kirchhoff's CW generation, however, the temperature oscillation itself
theoren?* according to which for any body in (radiative) amounts to only minimal thermal-wave perturbations with no
thermal equilibrium with its environment, the ratio betweensignificant consequence in the structure of the energetic
the spectral emissive power(W,\)d\ and the spectral ab- manifold of the semiconductor. Under these conditions, the
sorptivity a(T,\), for a given photon frequency=c/\ and  semiconductor can be considered to be at electronic and ther-
temperature T, is equal to the spectral emissive powemal equilibrium during the oscillation cycle of the photoex-
Wp(T,\)d\, Eq. (3), of the blackbody for the same fre- cited CW: electronic transitions occur essentially adiabati-
quency and temperatufdntroducing the definition of spec- cally, with minimum thermal energy exchange interactions
tral emissivity across well-defined electronic state densities. It also follows
that the higher the oscillation frequency, the greater the
e(T,N)=W(T,\)/Wp(T,N), 4) adiabatic character of the transition, leading to a stricter

N®{exdhcy/AnkgTy(z,t)]—1}

205208-3



MANDELIS, BATISTA, AND SHAUGHNESSY PHYSICAL REVIEW B67, 205208 (2003

validation of Kirchhoff’s law through complete thermal de- free-carrier wave, leading to further carrier generation.
coupling of the CW oscillator ensemble, as experimentallyTherefore, the net absorbed power within the stlip is
observed by use of PTRTherefore, despite the large ambi- given by
ent radiation field oscillations, E@6) is expected to remain
essentially valid away from free-carrier-density equilibrium
in PCR. The absence of cross coupling in the emitted power
of Eq. (1) is a statement of the adiabatic superposition of
thermal-infrared (Planck-mediated emissions through the =ar(Z,\)P((z,0;))dz. (7)
Wnrl T(z,t);N] term, and direct electronic infrared emis- To obtain the IR power increment arriving at the surface
sions through thengWeg(\) term under equilibrium(i.e.,  from the semiconductor interior strigz, we integrate the
constant baseline temperature and a stationary material enrght-hand side of this equation from depttup to the sur-
ergy state manifold characterized by a well-defined Fermfacez=0 and take the spatial dependence of the IR absorp-
level. A by-product of adiabaticity is that the IR spectra oftjon coefficient into account: From Kirchhoff's law, E¢f),
thermal and recombination emissions are independent oef()\,T) can be substituted fow,;g(\,T). €(\,T) is depth
eaCh Other, a feature that iS Central to the realization Of PCFﬂependent because the emission rate depends on the Spatia'
density of the recombining CW. The result of converting Eq.

B. Emissive IR power generation in semiconductors (2) into its frequency domain transfor(frourier component

and then integrating, is

r

dz

dPr(Zaw;)\)EPr(Z-‘rdZ,w;)\)—Pr(Z,w;)\):( )dz

Figure 2 shows an elementary slice of thickndzscen-
tered at deptlz in a semiconductor slab. The crystal is sup- ) .
ported by a backing, but is not necessarily in contact with the AP (2,0:0) ={Wnrl Tr(2, @)\ ]+ 7eWer(N )} e(2\)
backing. A modulated laser beam at angular frequeacy z ,
=2af and wavelength ;s impinges on the front surface of Xex;{ - fo e(z',\)dZ" |dz, ®
the semiconductor. The super-band-gap radiation is absorbed
within a (shor) distance from the surface, typically, a few where, besides its defining E(), dP,(z,o;\) also repre-
um, given by[a(\,is)]~ 1, wherea()\,;s) is the visible- sents, through Kirchhoff's law, the contribution to the total
range absorption coefficient of the pump radiation. The entR emission at the front surface from the emissive source
suing deexcitation processes generally involve radiative anthyer dz at subsurface depth Allowing for infinite inter-
nonradiative energy release components, resulting in the gerneflections of the back-propagating photons that generate
eration of an IR photon field in the semiconductor involving dP,(z,w;\) in Eq. (8) at both surfaceg=0,L, with reflec-
a relatively broad spectral bandwidth. At thermal and electivities R;(\) andR,(\), respectively, and summing up all
tronic equilibrium, assuming a one-dimensional geometry ashe contributions yields
a result of a large laser-beam spotsize and/or thin sample, the

emitted IR photons have equal probability of being directed [1-R{\)]dP,(z,w;\)
toward the front or the back surface of the material. Consider Pr1(Z, @;\)= C :
only those photons of wavelength generated through re- 1- Rl()\)Rz()\)exp{ —ZJO e(z' \)dZ

combination and radiative emission which are crossing 9
+dz, traversing the thickness elemediz and heading to- ©)
ward the surfacg=0. The IR power incremer®,(z,w;\) for the IR power transmitted out of the semiconductor
<P,(z+dzw;\) due to self-absorption by the diffusing through the front surfac&eflection; and

[1-Ry(MN)]Ry(N)d P,(z,w;)\)exp{ - foLe(z’,A)dz’

dPy(z,w;\)= , (10

1—R1()\)R2()\)ex;{ —ZILe(z’,)\)dz
0

for the IR power transmitted out of the semiconductor through the back surfate(transmission Similarly, the photons
from the emissive source at depthwhich are directed toward the back surface, after infinite inter-reflections at the interior
interfaces of the semiconductor, yield the IR power transmitted out of the semiconductor through the front(seftéation:

[1-R;(MN)]Ry(N)d Pt(z,w;)\)exp{ — fLe(z’,)\)dz’
0

dP,y(z,w;\)=

W : (11
1—R1()\)R2()\)ex;{ —2] e(z' ,\)dZ
0

205208-4



INFRARED PHOTOCARRIER RADIOMETRY ® . .. PHYSICAL REVIEW B 67, 205208 (2003

and for the IR power transmitted through the back surface dP(z,0;N) ={Wrr T1(Z,@); N ]+ 7gWer(N) }e(Z,N)
(transmission

L
| [1-Ro(V)]dP(Z,00) Xex‘{‘ J, @ nyaz oz 49
dP(zZ,w;N) = T ,
1—R1()\)R2()\)ex;{—zf e(z',\)dz
0 12 Adding the two contributions to the power transmitted
(12) throughz=0 andz=L, respectively, the following expres-
where sions are obtained:
1-Ry(M) HWNRI T(Z,w); N ]+ 7rWeRr(N) fe(Z,A
dP,(z,w;)\)—[ 1M HWRl T1(z, @)\ ] L7]R er(M)}e(Z,N) p{ fe(z )\)dz}
1—R1()\)R2()\)ex;{ f e(z',\)dZ
2L-z
+R2()\)exp{—f e(z’,)\)dz’] dz (14
0
and
1—Ry(\) UWNRL T1(Z,0); N1+ 7 Wer(N) L e(Z,\
dPt(z,w;)\)—[ 2N {WNRL T1(Z,0);\ ] L77R er(N)}e(Z,\) p{ f (2 )\)dz]
1—R1()\)R2()\)exp{— f e(z',\)d
L
+R1()\)exp{—f e(z’,)\)dz’Hdz. (15
-z
|
It is evident that the second term inside the bracket of Eq. e(T,\)=a(T,\)
(14) originates at an image sourcezgt= 2L —z with respect .
to the interface a!z:L gnd the second term |n'S|de the [1-RO\)] 1—ex _f air(\,T,2)dz
bracket of Eq.(15) is the image source ah= —z with re- 0
spect to the interface a=0. Equations(14) and (15) can = L
now be used to calculate the total IR power exiting both A)GX% f ar(N,T z)dz]
surfaces of the semiconductor by integration as follows:
17

This expression was presented by Cle¢ral,?® as a gener-

Ay L
PTm(w)=J d)\f dP; (z,w;\N), (16 alization of the well-known expression for a constant IR ab-
Mo 0 sorption coefficient®3°

where[\1,\,] is the spectral bandwidth of the IR detector C. Infrared signals from Si wafers and backing support effects

and the integl‘ation incremedt iS Implled in the expreSSion The expressions for the IR Spectra| emissive power, Eqs
for dP; ((z,w;\). The resulting expression is the IR emis- (9)—(15) can be simplified considerably in the case of semi-
sive power of the photoexcited semiconductor in terms of theonductor crystals, such as industrial Si wafers, with pol-
spectral emission coefficier®(\,z). In its simplest reduc- ished front surface and nonpolished, matte, back surface
tion with e(\,z)=ar(N,2), Ri(N)=Ry(N\)=R(\), and which scatters the IR radiation with minimal or no reflected
with only thermal-(Planck-mediatedinfrared emission con- power. On settindR,(A\)~0 and allowing for a backing sup-
tributions, the spatial integration of E¢L6) can be easily port material of reflectivityR,(\) in contact with, or at some
performed and the resulting formula inserted in Ex}.with-  distanced away from, the semiconducting sample back sur-
out the wavelength integration to yield the back-propagatiorface, the fraction of the radiation generated at dep#fithin
spectral emissivity or absorptivity dz, which leaves the back surface and is reflected back into
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the sample isIP,(z=L,w;\)=Ry(\)dPi(z,w;\) from Eq. e(Z,w;\)=€o(\) + €5c(z, 0N )€Y, (22

(15). This acts as an additional source, which contributes to . . I

the IR power from the stripiz at the front surface where T, is the ambient thermal-equilibrium temperature;
also

dPp(z,0;N)=~[1—Ry(N) JRy(M{WNR[ T1(Z, )\ ]

ATT(Z,Q)):TT(Z,&))_To, (23)
L
+ 7RWer(N) }€(Z,N) eXP[—JZ e(Z’,A)dZ’] . 4h(co/n\kgTo)A [ATH(z,0)
AWe(z,0M) = exp(hcy/AnkgTo) —1 T, |

(24)

and eg, €. are the background IR emission coefficient and
the component due to the free photoexcited CW, respec-
dz (18)  tively. Through Kirchhoff’s law, these quantities are equal to
the background IR absorption coefficiemtz, and the CW-
related componentw;., respectively. Both unmodulated
emissive spectral powers per unit wavelengfPlanck-
mediated and direct radiativean be conveniently grouped
together:

L
+R1(A)exp< - J, e(z’,)\)dz’]

L
xex;{ — J e(z' ,\)dZ
0

Therefore, instead of Eql4), the spectral emissive power at
z=0 from depthz becomes approximately

dP(z,0;N)=[1—Ry(N) HWNRI TH(Z,0);\ ]
Wo(To;N)=Wp(Tg,N) + 7gWegr(N). (25

According to Eq.(19) the ac component of the emission
coefficiente(z,w;\) gives rise to an infinite series of terms

ex%—fLe(z’,)\)dz’] of the form
z

+ nRWeR(A)}e(z,)\)( ex;{ - fze(z’,)\)dz’
0

+Ry(N)

) b ) b
+R1()\)exp[ _ JL e(Z’,)\)dZ’] exp( —e""tfa efc(z,w;)\)dz> =1—e'“’tL €ic(Z,0;\)dz

L
Xexr{ - f e(z’',\)dZ
0

The various contributions to the emitted IR power can be (26)
separated out into backgroufdt) and harmonically varying  which contains dc and linear terms, as well as an infinite
components. Much work has been done in attempts to sepgeries of(nonlineay higher harmonics. Given that the typical
rate out carrier-wave and thermal-wave contributionsPCR experimental configuration only involves lock-in de-
through modulation frequency filterirfg? however, they are  modulation of the fundamental and rejection of the dc and all
always strongly mixed and can be separated out effectiveliigher harmonics, inserting the first two terms of expansion
only through spectral filtering at the IR detector. The various(26) into Eq. (19), retaining the terms proportional &'

)dz. (19) +r§2 (—1)"O(e),

fields are only, and integrating over the semiconductor depth coordi-
nate as well as over the detector spectral bandwidth, Eq.
Tr(z,0)=To+ATH(z,w)e' ", (200 (16), results in an expression for the total emitted power at
. the fundamental frequency across the front surface of the
W[ T(Z,0);N]=Wpo(To,N) +AWp(Z,w;\)e'“t, material or the field of view of the IR detector, which ever is

(21 smaller:

Pr(w)= J:zdx[l—m(x)][eo<x){1+Rb<x>[1+Rl(x>]} fOLe‘EO<A>ZAwp<z.w;x)dz+wo(To;x)
L L z
><{1+Rb()\)[l+R1()\)]}f e—fomzefc(z,w;x)dz—eo(x)wo(To;x)f e—fo(WU €ic(Z',w;\)dZ' +Ry(N)
0 0 0

L L L
><[1+R1()\)]f €ie(Z ,w;N)dZ' + Ry(N) f efc(z’,w;)\)dz’+R1()\)f €ic(2' ,w;N)dZ
0 -z

z

o
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Further simplifications of this complicated expression can be e(Ty,Ap)=1—Ry(Tp,\p). (30)
made for lightly doped Si, in which the IR lattice absorption

(and thus emission coefficients are in the range of From the definition of emissivity, Eq(4), the spectral
1-2 cm 1.3 It is thus justified to see~©M?~1: o<z  emissive power from the backing isW(Ty,\p)
<L, wherel.~500 um, for typical Si wafers. The effects of =Wep(Tp.\p)€(T,\). On entering the back surface of the
the breakdown of the approximatierL <1 are investigated Semiconductor, the density of thermally emitted IR photons
below (Sec. V). The free-carrier absorption coefficient can at substrate temperatufig will be periodically absorbed by
be estimated b a;.=K,\2AN for n-type Si, whereK, th_e modulated CW and will emerge out of the front surface
=108 cn?/wm? and the maximum free-carrier density is With a power

AN~10"* cm 3, limited by Auger recombinations. For
p-type Si,K,~2x10 8 cn?/um?. Calculation shows that
as:> a for photoexcited CW fields and intermediate injec- L

tion conditions. Thus, it is easy to show thdt+ R,(\)[ 1 XGXF{ —f ar(Z,0;\)dZ
+Ri(N) DS gere(Z' @i M) dZ' > €0(N) [ 502 €2, ;N )dZ’ °

for all a,be[0,L] and the third group of terms in ER7)  where R,(\,) was assumed to be zero for matte surfaces.
can be safely neglected compared to the second term, at leagée of Eq.(26) and retention of the fundamental component
for application to Si. As a result, E¢27) can be simplified  of the response only, yields the spectrally integrated backing
emissivity contribution to the back-propagating IR power
from the photoexcited semiconductor:

APg(Ty, 0 p) =[1—=R1(\p) IWp(Ty,Ap)€(Tp, \p)

. (3D

A
Pr(w)~ [ “ON1- ROV HI+ROI1+ROV])

A
PB<Tb,w>=—JA "N W(Tp Ap)&(Ty Ap)[1— Ry(Ap)]

L
X eo()\)fo AWp(z,w;N\)dz

L
X jo e 002 ¢ (z,0;\p)d2Z. (32

+WO(T0;)\)JOLefC(z,w;)\)dz . (28

This expression assumes that the emissive power spectrum

This expression shows that the presence of a backing Suppdrb is within the spectral bandwidth of the IR detector. The
should increase the amplitude of the infrared signal by degative sign indicates that the modulated transmitted radia-
factor of 1+R,(M\)[1+R;(\)] compared to the free- tion power across the front surface due to incident unmodu-
standing sample. In Eq28), both terms in the brackets are lated thermal radiation from the backing is always out of
oscillatory. The first term oscillates due to thermal-infraredPhase with that generated internally due to CW recombina-
emissions from the optically heated lattice and nonradiativdion processes: The peak of the modulated component of the
deexcitations. The second term is oscillatory through the dedc photon flux traveling across the semiconductor bulk will
pendence of the absorptidequiva|ent|y, emissio)"lcoefﬁ_ exit from the front Surface, and thus appear at the detector,

cient on the free-carrier density when the CW amplitude is low or zero, since it is then that
the material IR transparency increases. Therefore, the IR

N2 emission flux from the backing is essentially out of phase
€re(Z, 0N = rid(Z,w;N) = ———————AN(z,w;\),  With respect to the CW oscillation and tends to decrease the
477260Dc3n m*2u modulation depth of the CW emissions as compared to the

(299  absence of these backing emissions. Using the same approxi-
mations as with Eq(28) and incorporating Eq.32) into that

for relatively low CW densities. Herey is the elementary equation, yields the complete expression for the total emitted
charge,eqp is the dielectric constant is the speed of light power at the fundamental frequency across the front surface
in the mediumn is the refractive indexin* is the effective  of the material in the presence of a backing support which
mass of the carriefelectron or holg andu is the mobility.  acts both as reflector of the semiconductor-generated IR ra-
This parameter is a function of donor or acceptor dopingdiation with spectrum centered a& and as emitter of
density and thus depends &iN(z,»;\). The coherent 0s- backing-generated IR radiation centered at wavelength
cillation of the free-carrier component of the IR absorption
coefficient on account of the optical generation of carrier A2
waves can act as an internal “chopper” for any incident ex- Pr(w)~ L dr[1- Rl()‘)]{{l“L Ro(M[1+Ry(M)]}eo(M)
ternal IR radiation, such as emissive power from a backing !
material®* To take into account the emissivity contributions
of the backing material, we may assume a semiinfinite IR-

L

XJ AWp(Z,w;N)dz+[{1+Ry(M)[1+Ry(N) ]}
0

opaque support in contact with, or at some short distance

away from, the back surface of the semiconductor. From en- XWo(Tg;N)—Wp(Ty, N e(Ty,M)[1-Ri(N)]]
ergy conservationa(T,,\p) +Ry(Tp,A\p) =1, where the .

subscriptb indicates a backing material property. Using % f iz, \) dz]. (33
Kirchhoff's law, Eq.(5), it is easily deduced that 0
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Even though the emission spectrum of the backing mayunction does not depend on optical or thermal properties of
clearly be different from that of the semiconductor itself, the semiconductor. In externally heated materials, it depends
both contributions must be within the spectral bandwidth ofon the thermal properties only indirectly through the thermo-
the IR detectof A 1,\,] in Eq. (33). Therefore, by changing dynamic temperatur&,. Under conditions of no carrier in-

\p to \ itis assumed that only that portion of the two spectrajection, the IR absorption/emission coefficient at any wave-
that coincides with the detector bandwidth will be measuredlength\ in such a defective or contaminated semiconductor
The temperature of the backing support can also be differens a function of the coordinate«(y,z) due to distributions of
from that of the semiconductor, such as in the case of @lamage layers or contamination regions. The background
heater. Equationi33) predicts that in the two extreme cases absorption/emission coefficient becomes a function of the
of a black absorber as a backing, with normal emissivity coordinateay(\)— aq(r,\). Under optical injection condi-
e(Ty,N\)~1 and R,~0, and of a metallic mirror with tions, Planck-mediated emission due to optical absorption by
e(Ty,\)=~0, Eg. (30, and Ry=1, the expression in the the lattice or nonradiative decay in damaged or contaminated
curly bracket of total emitted power, E(3), will become, regions is different from that of intact material because the
respectively, thermal properties are different, which affects the local tem-

perature. The emissive powAW,(z,w;\), Eq.(24), in the

L .
eo()\)fo AWp(Z,w;N)dz+{Wo(To:N) —Wp(Ty,\) affected region takes the form

L AWpy(Z,w;N) =Wpo(To,N)AT14(Z,0;a9)€' ", (36)
X[1— Rl()\)]}f €ic(z,w;N\)dz (black absorber
0 whereWpy(Tg,\) is a temperature derivative given by the
(34  expression multiplyingAT(z,w) on the right-hand side of
Eq. (24); the subscripd stands for “defect.”a4 is the ab-
sorption coefficient of the affected region at the excitation
L wavelength\ ;s . Its equivalent in the unaffected regions is
[2+ Rl()\)]eo()\)f AWp(z,w;N\)dz symbolized bya. The injected CW from a modulated laser
0 beam creates a modulated IR absorption/emission coefficient
L that differs in affected regions from other intact regions of
+[2+ Rl()\)]WO(TO;A)f €ic(Z,w;\) dz  (mirror). the semiconductor. This occurs due to different optical
0 absorption depths at the excitation wavelength, as well as
(35  different recombination rates in the affected regions. In the

. . ) . latter, the free-carrier-wave IR absorption coefficient is
It is clear that a mirror backing will produce a stronger IR given by

power emission than air backing, a prediction consistent with
the earlier PTR experimental resdftaind with the PCR im-

aging results in this paper. _ gA
Rrfc,d(Z, 0N, g) =

and

2

ANy4(z,w;\)

4m2e  cAngm*2ugy
. . . oD,d
D. PCR of semiconductors with electronic damage

or ion contamination =Cy(r,N)ANy(z,w; ay) (37

Photocarrier radiometry can be used as a CW imaging L . o
technique of electronically defective or impurity-ion- In the low-injection limit, where the mobility. is indepen-
contaminated semiconductors. Focusing on the spectr&ent of the doping density and under the assumption that the
bandwidth of the detector according to the requirement thafW electronic propertiesng, e .uq) are only mildly de-
the PCR signal spectral content should exclude Planckpendent on the coordinate. The intact material equivalent of
mediated (thermal-infraredl photon capture, and that it this equation, Eq(29), can be written asyg¢(z, w;\, )
should only involve direct radiative recombination IR photon=C(\)AN(z,w;a). Therefore, the net IR power emitted
emission, PCR can yield information about electronic defect§rom a defective or contaminated semiconductor is
in a semiconductor. In an electronic material with subsurface
defects that affect the photoexcited carrier-wave density, or rp L
with impurity-ion-contamination regions that affect carrier PTd(w)zf d)\f dPy(z,w;\), (39
recombination, the physical picture of IR photon emission in A 0
the affected region can be described in terms of the two
separate signal-generation mechanisms, Planck-mediated araplacing Eq.(16). Taking into account the arbitrary spatial
direct radiative IR photon emission. In a defective or con-dependencies of the electronic parameters in the affected re-
taminated semiconductor in the absence of photoinjected cagion, retaining only termsce'“!, ignoring lateral variations
rier waves, a uniform Planck emission dominates the IR phoacross the semiconductre., assuming only depth distribu-
ton flux at thermal equilibrium due to the uniform tions of defects/impurities leading to one-dimensional geom-
temperature of the semiconductor. The spectral emissivetry) and using Eq(36), it is found that Eq.(28) must be
power centered around is Wp(Tg;\)d\, Eq.(3), and this  replaced by
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Ao with
Pri(w)~ f}\ [1-Ri(MK1+Rp(M[1+Ry(M) ]}

A2
Fo(A 1, Ap)= f)\ [1-Ri(M)H{1+Rp(N)

L
X W,;O(To,)\)fo GOd(Z,)\)ATTd(Z,w;EOd)dZ

X[1+Ry(\)]} 7-Wer M) C(A)A. (46)

L
+f Ca(Z,M)Woy(z, To; M) ANy(z, w; €9q)d z|dN, Similar expressions with straightforward changes can be
0 used for semiconductors with electronic defects or contami-

(39 nation.
where the harmonic dependengé! is implied and
Il. PCR IMAGING OF ELECTRONIC DEFECTS
Wod(Z, To:N)=Wpo(Tog ) + 7rd(2) Werd Z,A). (40) IN S| WAFERS
A particularly useful and compact version of E@3) for A. Instrumentation and signal characteristics

intact (homogeneoys semiconductors, incorporating Eg. The e . tal imol tati £l infrared photo-
(29) for the free-carrier-wave emission coefficient, and sepa-_ . 'c SXberimental impiementation of faser inirarec pnoto
rating out spatial and modulation-frequency contributionsc & e radlomeét_rg/ 1S similar to thg typical PT.R setup for
from spectral contributions is given by semmonduptor .~ with the crucial difference bgmg 'Fhat the
spectral window of the IR detector and/or optical filter, and
L the modulation-frequency response of the preamplifier stage,
PT(w)*Fl(To;M,?\z)J AT(z,0) dz must be tailored through spectral bandwidth matching to a
0 combination of carrier recombination emissions and effective
L filtering of the Planck-mediated thermal-infrared emission
+F2(To;)\1,)\2)f AN(z,0)dz, (41  band. Conventional PTR utilizes photoconductive liquid-
0 nitrogen-cooled HgCdTe(MCT) detectors with spectral
with the definitions bandwidth in the 2—124m range. This includes the thermal-
infrared range, 7-12m, and only part of the electronic
emission spectrum at shorter wavelengths. Unfortunately, the
spectral detectivity responses of MCT detectors are heavily
weighed toward the thermal-infrared end of the spectftim.
X[1+Ry (M) }Wpo(To,N)dN, (420 The result is an infrared signal with unequal superposition of
recombination and thermal emission responses with a larger
weight of the thermal-infrared component. From preliminary
experiments with several IR detectors and bandpass optical
filters, we concluded that emissive infrared radiation from
X[1+ Ry (M) fWo(To;N)C(N)dN. electronic CW recombination in Si is centered mainly in the
(43 spectral region below 3:m.3” Among those, InGaAs detec-
tors with integrated amplifiers, a visible radiation filter and a
It is understood that integration over must be performed Spectra| response in the 1800-nm range, were found to be
after the spatial integrations are completed. An equatiomnost suitable, exhibiting 100% efficient filtering of the
similar to Eq.(41) can also be written for the region with thermal-infrared emission spectrum from Si as well as maxi-
subsurface defects. These expressions must be used in cQAgm signal-to-noise ratio over InGaAs detectors with sepa-
ventional PTR of electronic solids. For spectrally selectiverate amplifiers and InAs detectors. Therefore, infrared PCR
PCR, a simplified nonthermal signal expression can be writyas introduced using an optimally spectrally matched room-

A2
F1<To;x1,x2)sz [1- Ry {1+ Ry(\)

Ao
F2<To;x1,x2>zﬁ [1- Ry {1+ Ry(\)

thermal-infrared emission contributions: PDA255 for our measurements, with a built-in amplifier and
\ frequency response up to 50 MHz. The active element area
p(w)gf Zd)\[l_Rl()\)]{lJr Ry(\) was 0.6 mm with a spectral window in the 600—1800 nm
A range with peak responsivity 0.95 A/W at 1650 nm. The

L incident Ar-ion laser-beam size was 1.06 mm and the power
X[1+ Rl(A)]}ﬂRWeR()\)f €rc(z,0;\)dz. was 20—-24 mW. The detector was proven extremely effec-
0 tive in cutting off all thermal-infrared radiation: Preliminary
(44) measurements using nonelectronic materi@etals, thin
foils, and rubber showed no responses whatsoever. Com-
Also, instead of Eqs(41)—(43), the following PCR expres- parison with conventional PTR results was made by replac-

sions are derived in one dimension: ing the InGaAs detector with a Judson Technologies liquid-
nitrogen-cooled model J15D12 MCT detector covering the
f L 2-12pum range with peak detectivity 5
P(w)=F5(\{,\ AN(z,w) dz, 45 )
(@)=F2(k1.h2) 0 (z.0) 49 x 10 cmHZ> W~1. Figure 3 shows two frequency re-
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' ' ' ' ' FIG. 4. The PCR and PTR signal dependencies on the power of
0} 0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-C—GCO . . . .
% the excitation Ar-ion laser. The sample wap-#&ype Si wafer of
6l o detestor: MCT re_S|§t|V|ty p~20 ) cm. Both phases were essentially constant
7 —0— detector: InGaAs within the 0—35 mW range.
s o Therefore, an indirect normalization method was introduced
g as shown in Fig. 5. Frequency scans on a Si wafer with a
457 large degree of signal variation across its surface were ob-
tained from two such locations with very different responses,
60 Y T 0 00 using both the MCT and the InGaAs detectors. Then the
Frequency (kHz) amplitude ratios and phase differences between the two lo-

. . cations using the same detector were plotted and the ampli-

FIG. 3. Companson_of the normalized PTRCT detectoy and tude ratios were further normalized at 100 kHz, Fi¢g)5
PCR(InGaAs detectarsignals from an AlGaAs quantum well array These self-normalized data are independent of the instrumen-
on a GaAs wafer. Incident laser power: 25 mW. tal transfer function and depend only on differences among

sponses from a test AlGaAs quantum well array on GaASelectronlc parametef®CR) or combinations of thermal and

) electronic parameter®TR) at the two coordinate locations.
substrate using both the MCT and the InGaAs detecto_rs. Thﬁpon superposition of the self-normalized signals it was

MCT response is characteristic of thermal-wave dominatio . .
of the PTR signal throughout the entire modulation-r}ound that both amplitude and phase curves essentially over

frequency range of the lock-in amplifier. On the other hand,
the PCR signal from the InGaAs detector/preamplifier exhib-
its very flat amplitude, characteristic of purely carrier-wave
response and zero phase lag up to 10 kHz, as expected from
the oscillation of free carriers in phase with the optical flux
which excites themmodulated pump lasgrThe apparent
high-frequency phase lag is associated with electronic pro-
cesses in the sample. The PTR signals were normalized for
the instrumental transfer function with the thermal-wave re-
sponse from a Zr alloy reference, whereas the PCR signals . . . . .
were normalized with the response of the InGaAs detector to 0.01 0.1 1 10 100
a small fraction of the exciting modulated laser source radia- Frequancy (kz)

tion at 514 nm. Regarding the well-known nonlinearity of ,
the PTR signals with pump laser powérFig. 4 shows a 10|
nonlinear response from the PTR system at laser powers
=5 mW. The PCR system, however, exhibits a fairly linear
behavior for powers>15 mW and up to 35 mW, within the
range of the present experiments.

Unlike the readily available thermal-infrared emissions
from well-controlled reference samples for the purpose of
instrumental signal normalization in semiconductor PR,
the quest for suitable reference samples for PCR is a much 40 . . . .
more difficult problem because of the absence of detector oot o1 ! ° 100

. . . Frequency (kHz)
response in the thermal-infrared spectral region. Further-
more, the foregoing normalization procedure using a small F|G. 5. (a) Self-normalized PTR and PCR signal amplitudes and
fraction of the excitation laser beam is error prone, as theb) phases from two locations on an inhomogenawtype Si wafer
InGaAs detector is extremely sensitive to light intensity andusing 20-mW Ar-ion laser and 1.2-mm beam sizé]— [ —, PCR
its wavelength and tends to exhibit nonlinear behaviortechnique;—O—0O—, PTR technique.

Amplitude Ratio

30}

Phase difference (degrees)
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FIG. 6. The PTR frequency scans from théype Si wafer of FIG. 7. The PCR frequency scans from the santgpe Si wafer
Fig. 4 in air and with two backing supports. Laser-beam power 25with air and two backing supports. Laser-beam power 25 a)V.
mW. (a) Amplitudes andb) phases. Amplitudes andb) phases.

lapped within the electronic region. This implies that bothand defective regions. Air and rubber backings yield very
detectors monitor the same electronic CW phenomena &@milar signals. Figure 7 shows the PCR responses that indi-
high frequencies and thus the instrumental normalization ofate similar trends, but the PCR technique resolves the am-
the PCR signal can be performed @y using the PTR signal Plitudes from the three backings in the ord&f> S,>Sg,

from a high-electronic-quality reference Si wafer, normalized(M mirror, A air, R rubbe). To understand the origins of the

by a simple one-dimensional thermal-wave frequency scafi9nal changes in the presence of a backing support, a highly
of a homogeneous metallic sofid2) mathematically ex- reflgctmg .alumlnum—f0|l—covered backing was _placed at a
tracting the electronic component of the PTR sigrand variable distance from the back surface of the Si wafer across

adjusting the PCR signal to this component: 8i using from an intact region and the PTR and PCR signals were

. : . __monitored, Fig. 8. It is observed that the PCR amplitude
the PCR amplitude and phase frequency correction funCtIon|Semains constant for all three frequencies up to a distance of

for all other signal normglizations. This indirect scheme was ;" away from contacting the back surface, where it
proven satisfactory. It will be seen in Sec. IV, however, thalg, s 1q increase. The curves are normalized to their value on
the small differences in the self-normalized high-frequencyy,q o, rface to show that the rate of increase is independent of
signals of Fig. 5 are indicative that the thermal-wave qom'frequency. The PCR phase remains essentially flat through-
ponent (.Jf the PTR s!gnal can pe present even at the highegh on the other hand, the PTR amplitude monotonically
rr}oﬂulatlon frequenues .and, W|thout|ndepende|jt knOWIedgfncreases with decreasing distance from the back surface.
ofthe electron_|c“prop”ert|es of the .fe_ference semlconductor, 'he rate of increase changes slop@€ mm away from the
can affect their *true” values significantly, a conclésr:on W€ surface, a transition region where the phase also changes.
also reached about photomodulated thermoreflectance. g5 experiments with the mechanically damaged area re-
placing the intact surface resulted in very similar behavior.
The PTR signal order with various backings observed in Fig.
A small area of the back surface of the Si wafer which6 is in agreement with measurements performed by Sheard
was used for the signal linearity studies was very slightlyand Somekf* To determine the origin of the PTR and PCR
damaged through gentle rubbing with sandpaper. The PTRignal variations with backingwhether due to IR photon
and PCR frequency scans were obtained from outside aridternal reflections or backing emissivity chanifgsthe la-
inside the region with the back-surface defect. Then lineser beam was turned off and a mechanical chopper was
scans and two-dimensional images at fixed frequency werplaced at some distance away from the IR detector. Lock-in
obtained covering the defect area. The wafer was suspendednplifier signals from the MCT detector using the same
in air using a hollow sample holder, or was supported by ahree Si-substrate interfaces were observed as follows: Mir-
black rubber or by a mirror backing. Figure 6 shows the PTRror backing, 2.0 V; air backing, 1.88 V; black rubber backing,
frequency scans for all three backings. The strongest signdl.86 V; bare rubber or mirror with no overlying Si sample,
amplitude is generated with the mirror backing in both intact1.95 V. These values were greatly influenced by the emissiv-

B. Effects of backing material
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wof T T T . ment for mirrored and rubber backings, Fida)7 is consis-
Wﬁ‘ tent with simple reflection of exitingtransmitted CW-
generated IR photons at the surface of the backing, with no
possibility for thermal-infrared emissivity contributions from
the backing itself. The order of the PCR amplitude curves
o oot indicates that the surface of highest reflectivityirror)
o f= 100 ke yields the strongest signal. Apparently, the Si-air interface is
02p ef2ie a more efficient backscatterer of IR photons than the Si-black
rubber interface, where these photons are expected to be
e s 7 6 5 o4 s 2 0 more readily absorbed by the rubber. From E4g) it is
Distance from Si wafer (mm) expected that the ratio of the PCR signals with mirror and
black rubber backings should be approximate2
+R{(N) J/(A+Rp(M)[1+Ry(N)])~1.94. The measured ra-
tio from the low-frequency end in Fig.(@ is 1.8. The PCR
AN signal dependence on the distancesl( mm) between
sl - sample and substrate indicates that substrate-reflected IR
[ MCT o photons exiting from the sample itself contribute to the ob-
sanes™ served PTR signal enhancement, an effect not foreseen in the
5r hypothesis of Sheard and Somekh. This additional source of
20} the PTR signal is likely to be responsible for the change in
25l 170 the PTR amplitude slope and phase shift at distances

08 8765 48240 1 <2 mm observed in Fig. 8.
Distance from Si wafer (mm)

08|

06|

04}

Normalized Amplitude (mV)

Phase (degrees)

FIG. 8. The PCR and PTR distance scans between an intact C. PCR imaging of deep subsurface electronic defects

back-surface region of the Si wafer and a highly reflective alumi- Figure 9 shows line scans with the excitation laser-beam
num foil-covered substrate. All amplitude curves have been_ normalécanning the frontpolished surface of a 2@cm p-type Si
Wafer and the IR detector on the same side. Based on the
backing results, for maximum signal strength the sample was
resting on a mirror. Both the PTR and PCR amplitude and

. . . hase scans were obtained and both show sensitivity to the
ity of the mechanical chopper itself as deduced by the strongge, gefect on the back-surface scratched region. However,

dependence_z of the signal on the chopper position. Replacing[ 100-kHz imaging can be performed only with the PCR
fche MCT with the InGa_As detector, the S|gna| nearly Van'signal. At all three selected modulation frequencies, the PCR
ished at—5 nV, a baseline value that remained constant for, 1 pjiyyde decreases when the laser-beam scans over the de-
all combinations of wafer, chopper, and substrates. Regarqact region, consistent with the expected CW density de-
ing the PTR signals and given that for opaque materialgyeaqe as the back-surface defect efficiently traps carriers and
&(Tp M) =1=Ry(Tp,Ap), EQ. (30), it is not immediately  omayves them from further diffusion and potential radiative
evident whether the signal enhancement at close proximitycompination. The PCR phase scan remains essentially con-
of the substrate to the sample in Fig. 8 may be due to transsiant at 10 Hz, Fig. @), as the diffusion-wave centroid is

mitted substrate dc thermal-infrared emissivity, modulatecgo|e|y determined by the ac carrier-wave-diffusion leAdth
by the harmonically varying IR emission coefficient of the Si

wafer, or may be due to direct-recombination-emitted and D* r
substrate-reflected modulated IR photons from inside the Si Lac(w)= Ttior
wafer. The fact that both amplitude and phase PTR signals

from rubber and aifno reflection are almost identical, Fig. where 7 is the lifetime andD* is the ambipolar carrier-

6, and the approximate normal emissivities aré for air  diffusion coefficient. This particular wafer was measured to
and =0.86 for black rubbefRef. 35, p. 531 supports the have r=1 ms and D*=12 cnf/s, which yields an
hypothesis of Sheard and Somekh that the PTR signal efk,.(10 Hz)|=1.1 mm. Therefore, the CW centroid lies well
hancement with a mirrofnormal emissivity<0.04 (Ref. 35  beyond the thickness of the wafer 630 xm) and no phase

p. 531 is due to the dc emissivity of the backing. This is shift can be observed. At the intermediate frequency of 1360
further corroborated by the PTR behavior shown in Fig. 8Hz, |L,¢=373 um, well within the bulk of the wafer. In this

the monotonic increase of which can be understood in termsase, a phase lead appears within the defective region. This
of the transmission of IR emissive photons within an increaseccurs because the CW spatial distribution across the body
ing solid angle subtended by the MCT detector to the otheof the wafer in the defective region is weighed more heavily
side of the wafer. On the other hand, the dc emissivity extoward the front surface on account of the heavy depletion
periments with the InGaAs detector in place are clear evioccurring at, and near, the back surface. As a result, the CW
dence that its spectral bandwidth lies entirely outside theentroid is shifted toward the front surface, manifested by a
thermal IR (Planck emission range of the Si wafer with or phase lead. Finally, at 100 kH{, ,.]=44 um. Neverthe-
without substrate. Therefore, the PCR amplitude enhancdess, Fig. 9a) shows that there is still PCR amplitude con-

offset (in degreey of the experimental phase for convenience in
grouping. Laser power: 24 mW.

(47)
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FIG. 9. Line scans over @-Si wafer region with back-surface mechanical damagg.PCR amplitude;(b) PCR phasefc) PTR
amplitude; andd) PTR phase. The wafer is resting on a mirror support. Laser power: 24 mW.

trast at that frequency, accompanied by a small phase leadf the optimum contrast frequency of 1360 Hz. Figure 11
Fig. 9b). For the PTR scans, Fig(® shows that the overall shows the same scan at 100 kHz. At this frequency, the PTR
amplitude is controlled by the CW component at 10 andimage is dominated by noise and is unable to produce any
1360 Hz, and there is a small contrast at 100 kHz. The PTRontrast between the intact and defective regions, wheras the
phase contrast within the region with the back-surface defed®CR image clearly shows the highest spatial resolution of the
first appears as a lag at the lowest frequency of 10 Hz, aback-surface defect possible. The PCR phase, Fi¢),11
expected from a shift away from the front surface of theshows details of the central defect as well as the radially
diffusion-wave centroid in the presence of a remote thermaldiverging defect structures at the base of the central defect,
wave source which is added to the combined PTR signal. Asuch as a “zoomed in” version of the 1360 Hz image, Fig.
that frequency, the thermal-wave diffusion lerfdthis  10(b). Both the PCR images clearly reveal internal substruc-
L{(w)=+2D;/w=1.7 mm, that is, the back surface is in ture of the central defect, which was invisible at 1360 Hz. In
thermal conductive communication with the front surface.a manner reminiscent of conventional propagating wave
Therefore, the thermal wave, rather than the carrier wavdjelds, image resolution increases with decreasing carrier
controls the overall diffusion-wave PTR behavior of the Siwavelength,|L,(w)|. Similar images to Figs. 10 and 11
wafer at 10 Hz. At 1360 Hz, howevelr,=~148 um, there- were obtained with air or rubber backing of the same wafer,
fore, there is no thermal contact with the back surface. Thavith marginally diminished detail and contrast. The contrast
only signal component affected by the remote defect is théor the PCR phase imaging at 100 kHz, Fig(l91 is about
CW, and the phase behaves as in the PCR case, exhibitingld% for amplitudd Fig. 9(a)], while the phase difference is
net lead within the defective region. At 100 kHz there is noonly 1° [Fig. 9b)]. The very high sensitivity of the PCR
PTR phase sensitivity to the defect; only a vestigial ampli-imaging to defect identification is apparent: despite this very
tude contrast, Figs.(8,d). To maximize the PCR and PTR small variation in phase, the defect can be clearly delineated.
imaging contrast, differences in amplitudes and phases asla the case of PTR at 100 kHz, the contrast for amplitude is
function of frequency were obtained outside and inside thexbout 28%taking the sharp peak in Fig(® into account
defective region. It is with the help of this type of analysis The phase difference is about 10°. An examination of Figs.
that the 1360 Hz frequency was chosen for both technique8(c) and 9d) at 100 kHz shows that this “higher contrast” is
as one with the highest contrast in phdbat not in ampli- caused by fluctuations of the signal, as the PTR signal-to-
tude. It is clear that while the PTR contrast is generally noise ratio(SNR) is relatively poor, resulting in the disap-
higher at low frequencies due to the cooperative trends ipearance of the back-surface defect from the images Figs.
both thermal-wave and carrier-wave components, howevei1(c,d. The PCR images exhibit much higher SNR and
the PCR imaging contrast becomes superior above ca. 1 kHdearly reveal the defect structure.

and retains its contrast even at the highest frequency of 100 Under front-surface inspection and precise depth profilo-
kHz. Figure 10 shows images of the back-surface defect obmetric control by virtue of the PCR modulation-frequency-
tained through front-surface inspection using both techniqueadjustable carrier-wave-diffusion length, E@7), Figs. 10
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FIG. 10. Scanning imaging of back-surface defect in fh8i wafer using front-surface inspection. Laser beam radius, /518
Frequency, 1360 HZa) PCR amplitude{b) PCR phasef{c) PTR amplitude; andd) PTR phase.

and 11 show that with today’s high-quality, long-lifetime in- mental frequency across the field of view of the IR detector,
dustrial Si wafers, one can observe full images of sharghows depth dependence of the spatial integrals on the equi-
carrier-wave density contrast due to underlying defects verjibrium IR emission coefficienty,(\) of the semiconductor.
deep inside the bulk of a Si wafer. Specifically, high-If this parameter is larger than 1-5 ¢t it introduces a
frequency PCR imaging reveals so far unknown very longweighting factore™ €MZ under the integral signs of the com-
range effects of carrier interactions with deep subsurface depact expression for the total IR emission, E4{l), as well as

fect structures and the detrimental ability of such structuresgor the pure PCR emission, Eq&l4)—(46). To estimate the

to decrease the overall free photoexcited-carrier density fagffect of such a factor on the PCR signal, especially in the
away from the defect sites at or near the front surface wherease of low-resistivity, high-residual infrared absorption Si
device fabrication takes place. This phenomenon may be imwafers, a simulation was performed using the PCR E&3.
portant toward device fabrication improvement through careand (46) in the three-dimensiondBD) form

ful selection of substrate wafers with regard to deep bulk

growth and manufacturing defects that were heretofore not Ao

associated with device performance. Further, the PCR imag- P(r,w;)\l,)\z)~J [1-R{(N)H{1+Rp(N)

ing experiments with shorter lifetime Si wafers have shown M

that it may be beneficial to use lower quality starting sub-

strates in order to avoid the full effects of deep subsurface X1+ R I} neWerM) CM)d
defects on the electronic quality of the upgdevice-level

L
surface X f AN(r,z,0)e” oMz, (48)
' 0

IV. QUANTITATIVE PCR MEASUREMENTS

OF ELECTRONIC TRANSPORT PROPERTIES The equation foAN(r,z,w), the 3D extension cAN(z, w)

is the solution to the photocarrier-wave boundary-value
The structure of Eq(27), the expression for the total problem. It was obtained from Ref. 14, Chap. 9, E¢y106,
emitted power from a semiconductor crystal at the fundaand it is reproduced here
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FIG. 11. Scanning imaging of back-surface defect in ga8i wafer using front-surface inspection. Laser beam radius, /618
Frequency, 100 kHzZa) PCR amplitude{b) PCR phasef{c) PTR amplitude; andd) PTR phase.

noPoa (= € K2W2/4 and
AN(r,z,w)= . 2
2mhvD* Jo (a?— &) Eo(k) =k + o2 (52
G,0;,—g,G e (Fetall . Here, k stands for the Hankel variable of radial integration,
Y e = W is the Gaussian laser-beam spotsi@g,and S, are the
Gy—Gie e e 2 <
front- and back-surface recombination velocitiésjs the
g,—gpe (e ét thickness of the semiconductor slabjs the optical absorp-
—e” “%(ﬁ) tion coefficient at the excitation wavelengthis=cqy/v. 79
Go—Gye e is the quantum yield for optical to electronic energy conver-
sion andP,, is the laser power. The carrier-wave number is
Xe—ge(ZL—Z) Jo(kr)kdk, (49) defined as
h () 1+iwT 1 53
where oo(w)=1\/ = .
€ D*r Lac(w)
* *
gy(k)= ﬂ; ga(k)= M; (50) In the simulations that follow and in the theoretical fits to the
D* &(k)+S; D* &(k)—S, experimental data, the variablevas integrated over the sur-
h face of the IR detectd.
wi Figure 12 shows simulations of the PCR frequency depen-
dence fop-Si of (what amounts tpdifferent resistivity with
* _ *
G, (k)= m Gy(k) = w the equilibrium IR absorption coefficient as a IR-
D*&(k)+S; D*&(k)-S,’ wavelength-independeriiveragé parameter. From Kirch-

(52 hoff's law and Eq.(22), eg= ajgo- The curves show a de-
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FIG. 12. Simulations of the PCR signal frequency dependence FIG. 13. Front- and back-surface PTR frequency scans inside
in p-Si with the residual IR absorption coefficient as a parameterand outside a defect area ofpeSi wafer on aluminum backing.
(@) Amplitude; (b) phasex=514 nm, beam radiusV=518 um, Detector, MCT; beam size, 1.4 mm; Ar-ion laser power, 20 réy.
detector radius=563 um, wafer thickness=675um; 7=1 ms,  Amplitudes andb) phases. Best fit parameters. Front intact region:
D* =15 cn?/s, S,=100 cm/s,S,=300 cm/s. r=1ms, D*=12 cnf/s; S;=10 cm/s; S,=210 cm/s; C,=9
X107 (a.u.); C,=5%10° (a.u.). Front inside the defectr
crease in amplitude, especially at low frequencies, in the 1 MS, D*=15 cnf/s; $,=10 cm/s; S,=450 cm/s; C,=9.5
carrier-diffusion-wave thin regime|l(yo(w)|>L), as emis- <10 (a'”r;%' _Ct:sxioe (a.u). Back intact regionr=1 ms,
sions throughout the bulk of the crystal are gradually im-D __113'2 c /,s’ _ Si=45 cm/s;  $,=650 cm/s;  Cp=9

- . i A X107 (a.u.); C,=5x10° (a.u.). Back inside the defectr
peded with increasing background carrier densityd thus — _ %" 5.’ 45 cf/s: S —650 em/s- S,=25 cm/s: C,=1
IR absorption coefficientdue to self-absorption of the IR ><10’16’(au )-CI=8 5x 1’06 %au) ' TP
recombination photons by the background free-carrier-wave R e
density. At high frequencies, in the carrier-diffusion-wave pe separated out into amplitude and phase components. The
thick regime (L,(w)|<L), little attenuation of the back- apparent simplicity of this expression is due to the fact that
ward emitted IR recombination photon flux occurs becausehe subsurface defects considered here are on the back sur-
the IR-opaque subsurface layer involved in the CW-face of the wafer and their presence mostly impacts the value
generated emission is very thin. Therefore, all amplitudeyt S, in Eq. (49), while the bulk parameters and the terms
curves converge. The PCR phase lags show sensitivity &omprising the prefactdf,(\;,\,), Eq.(46), remain essen-
high frequencies; they decrease with increasing frequencya|ly unaltered, includingC4(\)~C(\) for a thin damage
because the contributing CW centroid moves closer to thgayer in an otherwise homogeneous semiconductor. If these
front surface with increasing IR opacity of the semiconduc-conditions are not fulfilled, then the electronic component of
tor. Figure 12 shows that for typicakro range$’ of  Eq.(39) must be used to quantify PCR contrast due to dis-
1-2 cm* the effect of self-reabsorption of IR photons due tributed subsurface electronic defect structures.
to background free-carrier-wave densities is minimal and The mild mechanical defect on the back surface of the
therefore the approximate Eq&8), (33), (41), (44), (45),  p-type Si wafer that generated the images of Figs. 10 and 11
and (46) are justified. The PCR image contrast of Figs. 10proved to be too severe for our sensitive InGaAs photodetec-
and 11 can, in principle, be quantified by use of the CW termior: upon scanning the affected surface, the PCR signal van-
in Eq. (41), appropriately modified to accommodate the de-jshed within the region of the defect, apparently due to the
fective region: highly efficient trapping of the photogenerated free carriers
] ) by the high density of near-surface electronic defect states.
Therefore, a different region of the same wafer was chosen
Ap(w)wFZ()‘l'M)[ fo AN(z,w)dz- fo ANg(z w)dz, to create a visually undgtectable defect by simply touching
(54)  the back surface of the wafer with paper. Then both the PTR
and PCR frequency scans were performed on both sides of
where AP(w) is the difference in signal between the intact the material, outside and inside the defect region. Figure 13
and defective regions. This is a complex quantity, so it carshows the PTR amplitudes and phases for all four spots, as
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well as theoretical fits to the experimental data. The curves Te
were normalized for the instrumental transfer function, in- =
cluding the MCT detector and preamplifier, by a zirconia
reference sample of known thermophysical properties. The
PTR theoretical model was a superposition of carrier wave
and IR emissions of thermoelectronic origin using coupled
field expressiongRef. 14, Chap. 9.12 with adjustable ther-
mal and electronic coefficient§;; and C,, respectively:®
The effect of the back-surface defect was modeled as a
change inS, (front-surface probingonly. When the wafer B3 o o1 1 10 100
was turned over, the definitions 8f andS, were reversed. Frequency (kHz)
It will be noted that the results of the theoretical fits to data
obtained from the front(polished surface of the wafer O voneagy
clearly indicate an increase B inside the region with the 5|
back-surface defect. At the same time, the ambipolar diffu-
sion coefficientD* increased from 12 cfits to 15 cnd/s.
This is probably due to the steepening of the CW spatial
gradient across the bulk of the wafer as a result of depletion
at the back surface, which tends to increase the carrier-
diffusion-wave flux toward the bulk of the sample and thus 3
increase the effective value Bf*. The absolute value range -0} , , TEEResy
of D* is within the accepted values of hole diffusivity in 0.01 04 ! 10 100
p-type Si® Upon turning the sample over, the and D* Frequency (k+i)
values did not change much from those measured from the F|G. 14. Front- and back-surface PCR frequency scans inside
polished side, however, the absolute valueSpfformerly  and outside a defect area ofpaSi wafer on aluminum backing.
S,) and S, (formerly S;) changed significantly, with the Detector, InGaAs; beam size, 1.4 mm; Ar-ion laser power, 20 mW.
damaged surface value increasing from 450 cm/s tda) Amplitudes and(b) phases. Best fit parameters. Front intact
650 cm/s. The other surface recombination velocity valuegegion: 7=1 ms, D* =12 cnf/s; 5S,=10 cm/s; S,=210 cm/s.
also show changes. The reason for these discrepancies prdtfont inside the defectr=1 ms, D*=14.9 cni/s; S;=25 cm/s;
ably lies with the values being spatial averages over nonuni$;=300 cm/s. Back intact regionr=1 ms, D* =12 cnt/s; S,
form subsurface regions of the sample bulk sampled undeF 10 cm/s; S,=200 cm/s. Back inside the defect=1 ms, D*
the PTR probe, as spreading spherical CW diffusion below=5 ¢n/s; S;=450 cm/s;S,=130 cm/s.
E:ned S?r:fe?(r:neal(lj; tik:ﬁw(\)Nrsgzreﬁrec:)t:ibhr/eg?ocr?sumeesrge’(a:lizcl:l;romc?rl: onent, resulting in a_much betteand very Iike_Iy a_rtificia) .
neighborhood of the affected spot. The differences in textur I F|g. %E(b)' Regarding the surface recombination ve_Iou-
of the polished and matte surfacés as seen by diffusing ca%-es’ S|m|Iar_ trenqls to the PTR results are observed,_ with the
BCcr showing differen{lower) absolute values within the

frzlaecrtc;?/aa\\/f(faesctfi;omtkfzen:gzlr?esfrffat?s rrggé?;'gln;?%ﬁ E\i):l% C?t?e:damaged region. This is a consistent trend also observed with
9 other damaged Si wafers, for which PTR usually yields

Figure 14 shows_ the PCR freq_uency scans at exactly thﬁigher(or much higher values. It can be explained by the
same spots as Fig. 13. Here, signal normalization was per;

. . strong nonradiative energy conversion character of poor sur-
formed by extracting the CW component of the PTR signal o . r o
i.e., the depth integral ovexN(r,z ), Eq. (49), associated faces and the PTR ability to monitor thermal-infrared emis

with the prefactorC, in the front intact region of Fig. 13, sions superposed on purely recombination IR emissions. This

and making it the reference PCR signal for the same regio superposition tends to amplify the effect of enhanced nonra-

. ) "iative recombination on poor surface conditions and to
The thus obtained PCR amplitude and phase transfer fun%;' W nat b ! !

(a)

o
o

R A

Front outside
Front inside
Back outside
Back inside

PCR Amplitude (mV)
o
2
4 pon

=30

-451 Front outside
Front inside
Back outside

Back inside

< >ono

-60 |

PCR Phase (degrees)

75}

. leld increased effective values of the respective velocities.
tions were subsequently used for all other measurement

The theoretical phase fits to the PCR data show better agreg, summary, comparison of Figs. 13 and 14 and the resultant

; . : -theoretical fits show that the PCR signals are very sensitive
ment at the highest frequencies than the respective PTR f|t§0 the electronic state of the probed semiconductor surface

a fleature ob;er_}/edtwlttﬁ ptge_lfRS' expfrlmer:ts ;S wel(lj._ irhfhand bulk, whereas the PTR signals can be subtly or grossly
\El)aluesl are ti'm'ar (t) 'deI;h d fcmtm erparts. e;ga{ flngb tE‘wasked by thermal-wave contributions which may signifi-
values those outside the getect remain constant for bota,yy affect the values of the photoexcited carrier transport

H *
sides of the wafer, however, thi2® value from the back . properties. It is also shown that the theoretical/computational

inside the defect region is relatively low. The higher sensi-g,action of the electronic component from the PTR signal
tivity of the InGaAs detector to the electronic state of the

. ; i > superpositiofi® may not be entirely accurate or complete.
inspected surface is probably responsible for this discrep- perp y y P

ancy, as the theoretical phase fit is poor at high frequencies
(>1 kHz) within that region, an indication of near-surface
depth inhomogeneity of transport properties. On the other Photocarrier RadiometrPCR has been introduced as a
hand, the PTR phase is less sensitive to the electronic conrigh contrast, sensitive, and quantitative electronic materials

V. CONCLUSIONS
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inspection technique and several comparisons with the cortures to decrease the overall free photoexcited-carrier density
ventional PTR of semiconductors have been performed. Thim locations far away from the defect sites at or near the front
technique depends on an optimized infrared photon detectiogurface where device fabrication takes place. Therefore, PCR
circuit, with the infrared detector spectral window being may become an important tool toward device fabrication im-
matched to the recombination emission spectrum of theyrovement through careful selection of substrate wafers with
semiconductor under investigation. As such, PCR filters Oufegard to deep bulk growth and manufacturing defects that

entirely the thermal-infrared component of the spectrum angyere heretofore not associated with device performance.
thus monitors purely electronic phenomena. First reported

applications include scanning imaging of deep subsurface
electronic defects and quantitative measurements of the ma-
jor transport properties of Si wafers: carrier recombination
lifetime, ambipolar diffusion coefficient, and surface recom- The continuing support of the Natural Sciences and Engi-
bination velocities. A noteworthy feature of the high- neering Research Council of Cana@dSERQ is gratefully
frequency PCR imaging is the so far unappreciated veracknowledged. J.B. also acknowledges CN€gnselho Na-
long-range effect of carrier interactions with deep subsurfaceional de Desenvolvimento Cientifico e Tecnologico—
defect structures and the detrimental ability of such strucBrazil) for its support.
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