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Laser infrared photocarrier radiometfyCR was used with a harmonically modulated low-power

laser pump and a superposed dc superband-gap opticdblsasondary laser beato control and

monitor the space-charge-lay€8CL) width in oxidized p-Si-SiO, and n-Si-SiO, interfaces

(waferg exhibiting charged interface-state related band bending. Applying the theory of PCR-SCL
dynamics[A. Mandelis, J. Appl. Phys97, 083508(2005] to the experiments yielded various
transport parameters of the samples as well as depth profiles of the SCL exhibiting cdrpgigie

Si) or partial(n-type S) band flattening, to a degree controlled by widely different minority-carrier
capture cross section at each interface. The uncompensated charge density at the interface was also
calculated from the theory. @005 American Institute of PhysidDOI: 10.1063/1.1850197

I. INTRODUCTION electronic phenomena, eliminating thermal emission interfer-
ences and the thermal-noise-limited HgCdTe or other infra-
The technique of laser infrared photocarrierred detectors, in favor of photon-noise-limited InGaAs
radiometry"* (PCR) in Si is believed to be associated with detectors. Therefore, it greatly facilitates signal interpretation
room- or higher-temperature near-infrared photolumineshy avoiding modeling complications due to several energy
cence, a phenomenon which in the past has invariably beegbnversion pathways from optical to acoustic and/or thermal.
associated with the presence of impurities or deféMsty-  Our first applications of PCR to industrial semiconductor Si
low-yield room-temperature photoluminescence has been revafer diagnostics have established the sensitivity of this
ported spectroscopically for ion-implanted and doped Si, agechnique to surface and near-surface electronic recombina-
well as for the observation of swirl and mechanicaltion effects:*®°Based on the development of a PCR theory
defects’™ Unlike those static photoluminescence techniquesf the optical modulation and relaxation of band bending
that require a photomultiplier detector, modulated PCR undefoward photosaturatiofflatband condition at the Si-SiQ
lock-in detection has been found to exhibit superior signalinterface!® an appropriate experimental method is intro-
to-noise ratioson the order of several hundred to severalduced in this paper. A harmonically modulated low-intensity
thousangl and to be very sensitive to electronic tranSpOrtsuperband-gap primary laser beam acts as the PCR signa|
properties of the semiconductor materidlUnlike conven-  carrier from the oscillating recombining photoexcited CDW,
tional photothermal and photoacoustic techniques, PCR ighile a coincident higher-intensity seconddaanmodulated
only responsive to the modulated free photoexcited carriersyperband-gap laser beam acts as optical bias and is used as
density-wave (CDW) recombination emissions and com- an oxide-semiconductor interface charge occupancy and
p|ete|y filters out all thermal infrare(ﬂplancﬁ emissions. Space_charge |ayéSCL) control. As a resu't, it is found that
This fact makes the technique more sensitive to purely optothjs combined-laser PCR method can be used to measure the
SCL width from fully bent bandgin the dark to the flatband
¥Electronic mail: mandelis@mie.utoronto.ca state, depending on the typ@ or p) of the doping impurity.
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The results show that the methodology can be used as a T

quantitative analytical tool for monitoring and controlling Tii(w) =

uncompensated interface state charge densftieserage

and potentially near-surface electronic contamination in amwherer,; is a charged interface recombination lifetitfahe

entirely optical remote manner. effective SCL widthAW=W,-W,, andW,, are functions of
the incident modulated laser intenslty W, andW,, are the
dc and modulated components of the SCL,

Il. THEORETICAL MODEL SIMULATIONS W(lg) = Wy — W (1)t ()

(4)

l+ion’

In order to understand the salient features of the present Some simulations of Eq1) are now presented with two
combinedac/dc laser PCR methodology, a few simulations possible experimental modes in mind. In the simplest con-
of the physical aspects of the thebhare in order. The gen- figuration, a single modulated superband-gap laser source of
eral equation for the PCR signas, Eq. 521°is reproduced  variable intensity),, is incident on a Si@-Si interface that

here for convenience, has a fixed amount of charg®,; and therefore exhibits band
bending with a SCL width of\y(Qg;). The variable intensity
. . 7ol1 —Ri(A)]lo laser induces a modulatid,(I,) in the SCL width through
So(lg,w; @) = Co(R, Ry air) . .
2hy a change in interface charge coverage, as described by Eq.
T.(w) (5). The structure of Eq(1) shows that there will be a non-
x(”—[l - (1+aW,)e W] linear low-intensity range in the dependence of the resulting
@ PCR signal or, up to the flatband valugg when the SCL
1 g will oscillate between the extreme valueswf (in the dark
+ * i i i - i i i -
D(a?- k) K(G, - G %Y and O (full illumination). As the pump-laser intensity in
creases beyond the vallig=Igg, no further dependence of
X[H{@+aWy) = [1+(a = kWle ™} the SCL oscillation amplitude oh, is expected, as long as
X (G, + e—kL) +[AW= W, (1 - cAW)] the (?DW transpor_t properties remain upqhanged and fr_ee of
nonlinear interactions commonly exhibited in the high-
_ 1 _ injection limit (10'®-10'° cmi3), such as Auger recombina-
Y (G + &2 = —[(1 + _ el n s . gel
(GZ © )] 2a[(l W) - € ] tion (Ref. 12, Sec. 1.5)3carrier—carrier scattenn]ﬁ,or band

narrowing** Therefore, forly>1g5 the PCR signal would
- [AW—Wm(l —aAW)] e—aAW>eiwt. (1) then increase linearly with intensity. These effects have al-
ready been observed qualitatively.
. ial depth qf ind q In a somewhat more involved experimental configura-
Here, Co is a material depth- an requency-indepen ,emtion, but perhaps simpler signal interpretation, a fixies)-
constant, denotes the wavelength of the excitation radla-intensity modulated“ac”) laser acts as the primary excita-
band diati f ab . ficierth tPion source which produces a fixed density of free electron-
super arll-gap radiation o 'a sorption coe ,'C'G,w( V)_ hole pair(EHP) carrier waves acting as the PCR probe, and
>10° cm%, such that the semiconductor material is entlrelya small fixed-amplitude modulation of the SCL width
. . . . _aL~ . 1
opgque ;OGthe |nc_|dentb radiatio®”*"~0. The quantities W (l,9- A coincident unmodulated‘dc”) secondary laser
9,01, andt, are given by source with variable intensity,y, Substantially exceeding

_ that of the modulated laser but for the lowest values, can
_ St aDest . _ k(w)Dejt Sl ;
g=———; Gi=—"—"—; change the occupation of the surface states up to complete
Sp+ k(@)Def k(@)Det + S charge neutralization coverage leading to the flatband condi-

tion whenly.=lgg. In this configuration the dc laser induces
k(w) +S, a change in the degree of steady band bending at the surface
Kw)D,-S, ) from the dark(maximum value, Wy(l4.=0) =W, Of the
SCL width up to the flatbanéminimum) value, Wy(lg) =0.
They are minority CDW interfacial coupling and In this ideal picture, the modulated laser is nonperturbing,
accumulation/depletion coefficierits k(w) is the minority — acting only as a PCR signal carrier with negligible effect on
electron CDW wave numbe(magnitude of the complex the SCL width, sinceW,(l,) <Wy(l4o). A variation in dc
wave vector in one dimensipniefined as laser intensity within the range<0l 4.< g is expected to act
as a variable optical bias by means of the steady-state excess
_ (1 +iw7n)l/2 recombination events of minority carriers into impurity
klw)=|—7" S
Dp7n states. The enhanced steady bulk recombination further af-
fects(increasepthe steady SCL minority charge densidy;,
S, D', and 7, stand for CDW transport properties: surface driving the SiQ—Si interface into deeper depletion or inver-
(front: 1; back: 2 recombination velocity, carrier ambipolar sion. This change alters tlithermgdynamically coupled in-
(D;) or interface(Dyy) diffusion coefficient, and minority terface charge state coveragecausing a concomitant
(electron) recombination lifetime irp-Si, respectivelyT,;(w) change in the degree of band bending between maximum and
is a complex interface lifetime zero(flatband$. Because these interface changes perturb the
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FIG. 1. PCR signal vs modulation frequency simulationgftype Si under Freq uency (kHz)

flatband conditiongWy=W,,=0) with bulk minority CDW*recombination

lifetime =, as a parameterS; =300 Cmflssfloﬁ cm/s D,=30 cnt/s L FIG. 2. PCR signal vs modulation frequency simulationsgdype Si under

=550 um, anda(514 nm=7.76X 10° cm™. (&) Amplitude; (b) phase. flatband condition§W,=W,,=0) with minority CDW interface recombina-
tion velocity S, as a parameter;,, =100 us,S,=10° cm/s,D;=3O cnt/s,L
=550 um, anda(514 nm=7.76X 10° cmi’*. (a) Amplitude; (b) phase.

small CDW generated by the modulated laser, the entire pro-

cess can be described according to &g with an effective ) _ _ o
steady value ofWy(lg) for each Iy, value and a fixed Due to the high value of the optical-absorption coefficient
W, (1,0, it was assumed that the magnitude Bf/ a| <1 and its con-

Given the well-known dependence of the minority free-tr'buli'_On to Iliq.rgl) Weref neg:lectfe;i ith mi
carrier transport properties on the level of photocarrier injec- igure 1 Shows a 'amily ot frequency curves with mi-

tion under unmodulatéfl and modulatet!’ conditions, the 'Y recombination lifetime \,/ar!at|ons.|n the rangeus
=7,=<1ms, typical of today’s industrial Si wafers. As

dependence of the PCR signal on the relevant parameters 'er>]<pecte&,'2 a decrease im, depresses the PCR amplitude

Si (surface recombination velocities, photocarrier density-and shifts the position of the turning poiftknee”) to pro-
wave lifetime, and @ffl:fs;zon coefficienhas been reported o oqively higher frequencies as the density of the carrier
under glgtbgnd conditions, as well as for ion-implanted Si 2ve over one period decreases with decreasing recombina-
wafers.” Given that our experimental results in this work o time. The phases exhibit zero delay with respect to the
were obtained under high-injection conditions with regard tomqqylation source at low frequencies, such that<1, but

the unmodulated optical bias laser, changes of those paranhey pegin to lag behind the source phase as soon as this
eters with variable laser intenSity were observed. To sort OUtondition is not valid. ASTn decreases, the foregoing condi-
the effects of band bending and of changing transport paranmijon becomes violated at progressively higher frequencies,
eters on the PCR signal, Figs. 1-3 show simulations of thevhence the shift of the PCR phases in Fig)1

effect of changes in bulk transport properties for a charged Figure 2 shows the PCR frequency behavior with
SiO,—Si interface exhibiting no band bending using EL. SiO,—Si interface recombination velocitg;, as a parameter.
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FIG. 3. PCR signal vs modulation frequency simulationgftype Si under
flatband conditiongW,=W,,=0) with ambipolar diffusivityD;, as a param-
eter. 7,=100 us,S,=300 cm/sS,=10° cm/s L =550 um, and (514 nm
=7.76X 10° cm™%. (a) Amplitude; (b) phase.

FIG. 4. PCR signal vs modulation frequency simulationsgfdype Si with
constant transport parameters and with the SCL width as a paramMéter.
=0,D,=30 cnt/s,,=100 us,S,=300 cm/sS,=10° cm/s L =550 um,

and @(514 nm=7.76X 10° cmL. (a) Amplitude; (b) phase.

IncreasingS; by several orders of magnitude has effects . ) ) _
quite similar to decreasing,, although the knee shift to conductor bulk controlsD,, an increase in that quantity
higher frequencies is not as pronounced. Similarly, the onsétmounts to decreasing PCR amplitude because the CDW
of the PCR phase |ag moves to h|gher frequencies and Shov@@ﬂtrOid shifts away from the detection pOint at the surface/
the familiar saturatiohat a progressively decreasing phaseinterface, with the result that the overall free-carrier density
lag with increasingS;, because the subsurface ac diffusiondecreases as the effective CDW thickne&ibsurface
length (or “centroid” of the CDW, the inverse of the wave spread controlled by the minority-carrier ac diffusion length
number Eq.(3), is no longer controlled by the bulk recom- L(w)=k™(w) increases. The onset of the PCR phase lag and
bination lifetime 7, alone. Instead, it becomes controlled by its steepest slope also exhibit a shift to higher frequencies

an effectivelifetime, 7., such that® with increasingD; consistently with Eq(3), which shows
1 1 1 that the position of the CDW centroid can be shifted to a
— =+, (6) smaller depth by increasing frequency to compensate for the
et Tp s increased,,.

wherery is the interface lifetiméRef. 10; Appendix related Figures 4 and 5 show the effects of nonzero band bend-

to the interface recombination veloci§y. This time constant ing on the PCR signal. Assuming negligitlé,, for low in-
begins to influence the effective lifetim@nd hence the tensity of the modulated laser comparedwy, Fig. 4, it is
phase saturation levyeht S; values such as;~ 7,. seen that increasingV,, with the transport parameters of
Figure 3 shows the effect of changing ambipolar diffu- Figs. 1-3 kept constant, results in a monotonically decreas-
sivity on the frequency scans. It is clear that when the semiing amplitude and essentially no change in phase. This be-
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. i . ] the modulated laser source. As expected, the PCR amplitude
(@) | increases as the modulated band curvature tends to offset the
effect of the CDWe-inhibiting band bending through more
effective neutralization of the interface charges over the
5 modulation cycle. As a result, a higher density of free minor-
8 r ] ity carriers can survive over one illumination period and con-
K : ] tribute radiatively to the increased PCR signal. As in the case
2 —— Wm =0 pum of Fig. 4(b), the phase does not show any change over the
E. O—W =0.2pum entire range ofV,, values used in this simulation. When the
< \ W"‘ =04 changes in the SCL widths, Figs. 4 and 5, and in transport
14 m o Y pm parameters, Figs. 1-3, are combined in a frequency plot for
8 -V Wm = 0.6 um fixed values of the transport parameters, it is found that the
01} —Oo— Wm = 0.8 um J former simply shifts the PCR amplitude accordingly, while
. X—W _ =1.0 um the phase remains fixed. This conclusion proves to be very
. m . . . helpful in interpreting experimental PCR measurements of
0.01 0.1 1 10 100 the SCL.
Frequency (kHz) Figures 6 and 7 show simulations of the PCR signals
using the combined technique of superposing a modulated
ole ' ' ' " PCR pump laser with a dc optical bias laser. For fixed modu-
(b) lation frequency and amplitude, and assuming a simple ex-
1 ponential dependence of the SCL width Igg a scan of the
15 T intensity 14, produces PCR amplitude curves which photo-
saturate whemy.~ Ig. The effects of changing bulk minor-
’qcn:-so - . ity recombination lifetime are shown in Fig. 6, and those of
o changing interface recombination velocity are shown in Fig.
§_45 | T Wm =0 um i 7. In both cases the shapes of the amplitude cukésg,),
g | o mIo2um ons 25 i Fige. ) and-Gby. However, the.diference
£%0r m o U4 pM T A(lgg) —A(0), wherel g is measured at the lowest photosatu-
L TV Wm = 0.6 um 1 ration value ofly, increases with increasing, and with
75 —O— W _=0.8pum _ decreasingS,, and the relative phase lag(lgg)—¢(0) in-
L —k— W _=1.0pum creases, respectively, as the centroid of the CDW moves
90 moo deeper into the bulk. These observations lead to the impor-

0.01 0.1 1 10 100 tant conclusion that the effects of SCL band bending at the
Si-SiO, interfaces become progressively more detrimental to
the near-surface optoelectronic behavior of semiconductors
FIG. 5. PCR signal vs modulation frequency simulations fetype Si  With today’s high-quality carrier transport parameter values,

with constant transport parameters and with the optically modulatedsuch as high-resistivity Si substrates and epitaxial thin films.
SCL width, W,,, as a parameteii,=1 Mm,D;:SO cnt/s,7,=100 us,S;
=300 cm/sS,=10° cm/s L=550um, and a(514 nm=7.76X 10° cm.
(a) Amplitude; (b) phase.

Frequency (kHz)

lll. MATERIALS, EXPERIMENTS, AND RESULTS

. . . . Four- and six-inch 5-1@) cm, 550um-thick, p-type Si
hawor is expectet_j since an |.ncreased degree of baﬁd pend'(}\gafers were oxidized with a gate oxide of ca. 1000 A. In
is the result of increased interface charge density in th%ddition,n-type wafers were also oxidized with ca. 5000-A
model and thus higher trap density and loss of free carriersy,ijqe The photocarrier radiometry setup is shown in Fig. 8.
The process takes place right at the Si-Si@@erface where 11, yyo-laser configuration described in Sec. Il was used for
free minority carriers deexcite mostly nonradiatively in trap sc| measurements. The modulated low-power laser was ei-
states over the space-charge batfiand therefore are not ther a He—Ne lasef632.8 nm; 0.4-mm beam radiusr a
available to contribute to the PCR signal through radiativegaalas laser diode(830 nm; b_go_mm beam radjusThe
NIR emissions. Furthermore, there is no measurable phasgmodulated optical bias laser was an Ar-ion la&dd nm;
shift because the interface recombination lifetimgevas as-  1.89-mm beam radidsThe various beam radii were charac-
sumed constant. This simplification turns out not to be trugerized using a pinhole-on-detector system scanned across
experimentally, but the simulation points out the importantthe beam profile with a neutral density filter to avoid photo-
fact that it isnot the value ofW, itself that causes a phase detector saturation. The IR detector was a switchable-gain
shift, but rather the effect that a change in this value has omGaAs elementThorLabs model PDA40Q 1-mm in diam-
the transport properties at the Si-Siditerface. Figure 5 eter, with spectral response in the 800-1750 nm range, peak
corresponds to the case where the maximum valg,of  response at 1550 nm, and frequency bandwidth from dc to 10
the SCL width is fixed, but is subject to oscillating ampli- MHz. The preamplifier was incorporated into the detector
tude, W,,, which increases with, e.g., increasing intensity ofhousing, a design which delivered optimal signal-to-noise
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FIG. 6. (a) Amplitude; (b) phase of the PCR signal vs dc optical bias laser o . )

intensity | 4 simulations forp-type Si with constant transport parameters, a FIG. 7. Similar to Fig.6 withr,=100 us andS, as a parameter.
small fixed-amplitude optically modulated SCL widil,,=0.2 um, and
with 7, as a parameterD;=30 cn?/s,S,=300 cm/sS,=10° cm/s L . .
=550 um and a(514 nm=7.76X 10° cmi’ L. A simple exponential depen- tive maximum photon flux at 350 mWw wasp max

dence of the SCL width ony, was assumed in Eql), AW=W,-W,  =1.103X 10 photons/cms. According to Jastrzebskét
=Aexp(-Blgo). al.,'’ this range of photon flux is appropriate and required
(10*"-10'8 photons/crAs) to drive the depletion-level inter-

ratio expressed as a noise equivalent polEP) figure of face barrier height and the surface photo voltdg®V)

2.9-8.2X10'12W/\Hz. The detector was outfitted with a
specialty long-pass optical filter from Spectrogon featuring
steep cut or5% at 1010 nm, 78% at 1060 nnand trans-
mission range of 1042—-2198 nm. The cut-on quality of the
filter is crucial in PCR as it must block any synchronous
pump radiation leakage from reaching the highly sensitive
detector. Short-wavelength filtering of optical density five or i\&e‘bﬂ
six is usually required. The samples were placed on an alt
minum backing which acted as a mechanical support anc
signal amplifier by redirecting the forward emitted IR pho-

tons back toward the detectjorl,zlg. 8. Typical modulated @ e
power used wa®,.~0.5-4 mW, whereas the power of the detector

unmodulated laser was varied up to 350 mW. Taking into REAE

account the reflectivity of Si at 514 nm at normal incidencerg_ g, Experimental PCR setup showing the modulated and unmodulated
(R=0.38 and the laser beam radius 1890 um, the effec-  lasers for space-charge layer investigations.

L IChopper (or Current Modulator) Off - axis
prim paraboloidal
=
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150 ) ! ' ' " (a ~250 mW of continuous laser power, it is clear that the
] et removal of the oxide also removed the interface-charge layer
140 F // 4 very efficiently while increasing the nonradiative electron
—_ trapping efficiency at the etched surface. Accordingly, the
Emo - . PCR amplitude dropped significantly and remained indepen-
@ I dent of the power of the unmodulated laser. The Ar-ion laser-
S1o0r ’ 1 beam reflectance of the wafer before and after etching was
a go | _ measured to be 0.340 and 0.408, respectively. The reflec-
E —®—p-SiUnetched | tance of the primary He—Ne beam was 0.295 and 0.339, re-
& cof —O— p-SiEtched | spectively. These differences cannot account for the drastic
a change in the PCR amplitude after etching, giving further
40r T support to enhanced nonradiative recombination. The PCR
20 / i phase, Fig. @), shows a very reproducible curvature for the
O 0O OO OO OO oxidized sample. On the other hand, the phase of the etched
sample is independent &f;; and became noisier due to the

0 1

0 50 100 150 200 250 300 low signal associated with this sample. Signal-to-noise ratios
Py (MW) (SNR) for oxidized wafers were in the 100-200 range with
94 . i i : : error bar sizes similar to the symbol size used in the plots,
(b) whereas those for the etched samples werk8—-25. The
92 /\ . /\/ . photosaturation exhibited by the PCR amplitude of the un-
- / -* \/ ; etched sample of Fig.(8) is similar to the one reported
. 90/ ™ . 1 under surface photovoltage probing by Jastrzeleskal 1’
2 Those authors qualitatively attributed the photosaturation to
L 88 i the attainment of the flatband condition under external opti-
% 66| cal bias.
g —O—p-Si Unetched | The issue of possible perturbation effects of the primary
© gt —e— p-Si Etched i modulated laser beam on the SCL measurements was inves-
8 ] tigated by changing the power of the He—Ne laser and re-
82 \ o peating thg experiment of Fig. 9 gsing another oxidipeSi
. P ] wafer. Typical results are shown in Fig. 10. As expected, the
80 \]\O\O\?/o/o\o/o/o/o . PCR signal amplitude does scale wRy, (or, equivalently,
lo), EQ. (1); however, the rescaled amplitude of the measure-
8 50 100 150 200 250 300 ment with decreased power of 1.4 mW coincides with the

3.5-mW amplitude, when normalized to the highest point of
the latter curve. Similarly, the phases coincide with no
FIG. 9. (a) Amplitudes andb) phases of an oxidizep-Si wafer before and rescaling within the erro,r’ with the phase obtained at the
after etching the Si9away. The modulated beam was provided by a me-OWer power exhibiting higher noise. These results demon-
chanically chopped He-Ne laser. Chopping frequency, 200 Hz. strate that, in the range of the reported measurements, the
modulated laser was nonperturbing of the electronic proper-
ties of the semiconductors and the observed signal variations
were due solely to the effects of the dc laser on the

Poc (MW)

(alternately, PCRsignal, to the flatband condition. Assuming '~
unity optical-to-ehp photon energy conversion efficiency, itWith Poc

is important to note that the maximum free-carrier flux in Oursamp_le. o
experiments was Figure 11 shows that the effects of surface polishing on

o the PCR signal from thp-type wafer of Fig. 1Qamplitudes
_343X10° 8 and phasegsare minor. The back matte surface was also oxi-
e” (r + \;m)z = 113X 10° electrons/crhis,  (7) dized and therefore it was expected that it would exhibit a
____ SCL behavior similar to the front surface. Based on the fits to
where the dc minority diffusion lengthL,=vD,7, the theory as described below, these effects can be accounted
=0.122 cm for typical values oD,~30 cn?/s and 7, for by small differences in the respective surface recombina-
~500 us according to our results f@-Si-SiO, interfaces, tion velocity, effective lifetime, and SCL depth profile.
Figs. 15 and 16. Therefore, the experiments were conducted The SCL profile for then-type Si wafers was also inves-
in the high-injection regimé’ tigated. Typical results are shown in Fig. 12. Both lasers
Some wafers were exposed to variable optical bias witlwere incident on the exposed SiGyer. In all cases, large
the laser beam incident on the Si@nd then were etched to differences were observed in the PCR amplitudes between
hydrophobia in an aqueous solution of 10 vol % HF in water,intact and etched samples. Nevertheless, there was no indi-
indicating that the Si@layer was fully removed. The PCR cation of flatband saturation within the rangd gfintensities
signal amplitudes and phases ofpeSi sample before and available and phases were always essentially independent of
after etching are shown in Fig. 9. While the oxidized waferthe dc laser power. A comparison between the amplitude
exhibits complete photosaturation at irradiation withshapes and absolute signal levels in Figs. 9 and 12 shows
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(b) FIG. 11. Effects of surface polishing on the PCR signal amplitude and
phase. He—Ne laser chopping frequency, 200 Hz.
89 .
multiparameter feedback program was generated. In the mul-
S 88 . tiparameter fitting process, the following square variance
) N was minimized:
% 87} FF:AC = :13‘5‘ mw 4 N N
—h— =14 m
2 a [AT(fr) - AN () ? - 2 [@7(Fr) - () J?
o — -
\o m=1 m=1
5 86 - s A Var = N + N
o \\ oy A S 2
A 2 [®%fw)]
85 -%\% SRRVARRVE me1
 a &
N\ / (8)
8420 100 180 200 250 300 Here AS(f,) and ®(f) are the PCR amplitude and phase,
P (mW) respectively, simulated with the model of Ed), andA'(f,,)
oc and ®'(f,) are the associated fitted experimental PCR am-

plitude and phaseN is the total number of data points. Dur-

FIG. 10. (a) Amplitudes andb) phases of an oxidizep-Si wafer using two

different power levels of the primargmodulated laser beam. He-Ne laser INg the fitting procedure, the four transport properties

chopping frequency, 200 Hz.

T . . : . 110

that it is much harder for the optical bias to induce complete 40r _o— unetched —— unetched
flattening of the bands in-Si than inp-Si. This observation —O— etched —-m— etched 1105
indicates the relatively low efficiency of this methodology 351 / s
for driving n-Si into the flatband state. The independence of < / 1'%
PCR phases fror. is an additional indicator that the opti- % 30 o %
cal bias does not affect the transport properties of the 3 &
SiO,—n-Si interface. Z 25 % o

The developed PCR thedfyresulting in Eq.(1) was g 5
tested through a series of PCR measurements with Si-SiO ¢ 20 85 o
interfaces, which were aimed at reconstructing the depth pro- 8
file of the SCL from scans df;. at a fixed frequency. Results H% g 80
on ap-Si sample, such as those shown in Figs. 9-11, were __/.\./-/'\-/'\-—-/""""'/. T
supplemented by frequency scans launched at several values 10 . . \ . . 75
of Iy, as shown in Fig. 13. The individual frequency scans 0 5 100 150 200 250 300
were fitted to Eq.(1) with AW=W, since thel, intensity Py (MW)

was too low compared thy. to affect the band bending, as ) o

d trated in Fig. 10. The fitted t t h | FIG. 12. Amplitudes and phases of an oxidize&i wafer before and after
emo_ns rated in Fig. : e I* €d parameters a egc va l"{a(':fching the Si@ away. The modulated beam was provided by a mechani-

of lgcincludedre, Sy, S;, D= D, andW. A computational  cally chopped He-Ne laser chopping frequency, 200 Hz.
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T M| T T ! 700 T T T T T T T
PN N N 600 + 4
— 500 | .
> 10t 7
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o ) 400 + -
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= ® Pdc=0mw ~_ 300+ .
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< A Pdc=20mW 200
x 4L v Pdc=30mwW ] I 1
O & Pdc=50mwW
o A Pdc =90 mW 100 _
v Pdc =200 mwW
O Pdc =350 mW
o} o
10’ 10° 10° 10* 10° 0 50 100 150 200 250 300 350
Frequency (kHz) P (MW)
' T ' - FIG. 14. Recombination velocity for p-Si-SiO, interface as a function
0l cosscecs (b) | of the Ar-ion laser dc power of @-Si-Si0, interface. Data obtained
3 from simultaneous best fits to amplitude and phase frequency scans shown
in Fig. 13.
-20 + . ) o
states by photoexcited minority electrons. The results are
' also consistent with earlier derived dependencies of the front
8_40 N i surface recombination velociiBRV) on the excess electron
qB,) = density in optically biased photoconductance-decay
o ° experiment®?! from surface photovoltage measurements
.60 A ] using negative corona chargﬁjrgand from basic Shockley—
ﬁ v Reed recombination theot{:?> Using the dependence
o . :Constgl) (Ref. 10; Appendix Eq. Abresults in an in-
80l 4 J crease of the interface recombination lifetime with incident
Z dc laser power. Figures 15 and 16 show lthedependencies
oC
_100 ) NEPSPPEYH B NPT BT Y| L 30 —————— T T . .
10' 10° 10° 10* 10°
281 .
Frequency (kHz) A
26+ E
FIG. 13. Amplitude(a) and phasdb) frequency scans of p-Si—SiQ, in-
terface from the polished surface of Fig. 9, under various dc laser power 24 L 4
levels and 830-nm modulated excitation source. Theoretical fits tq1q.
are indicated by the continuous lines. Unique best fits were determined by 21 4
the set of parametel&y, 7+, S;,S,, andDy yielding the minimum variance )
in Eqg. (8). For all fits it was found that 0.86% Var<1.14%. oE 20+ 4
= 18
Teif» 1, S, and Dgi were set as free parameters. The best- D% i ]
fitting procedure commenced gt=1rg, whereW,=0. Then 16 | .
the first nonzero value df\, was incremented for the next 14
lower 4. and all five parameters were allowed to vary until I |
the absolute minimum of E¢8) was attained. The values of 121 4
the five parameters yielding the absolute minimum in @j.
. . . . . 10 1 1 L 1 1 1 1 1
were unique in each case within the physically expected 0 50 100 150 200 250 300 350

value ranges, and fitting errors were recorded. The procedure

was repeated for all;.=0. Figure 14 shows thg,. depen-
dence of the front surfadénterface recombination velocity,

PDC (mW)

S,, in the range used in our experiments. The decrease of thEG' 15. Effective diffusion coefficient of the carrier density wave as a

unction of the Ar-ion laser dc power of gp-Si—SiG, interface. Data ob-

parameter essentially dqwn to Zero iS. ConSiStent_ with theyined from simultaneous best fits to amplitude and phase frequency scans
physical process of optical neutralization of the interfaceshown in Fig. 13.
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FIG. 17. SCL width of ap-Si-SiO, interface as a function of the Ar-ion
Py (MW) laser dc optical bias. The reconstruction was obtained from simultaneous
best fits to amplitude and phase frequency scans shown in Fig. 13. The right

FIG. 16. Effective lifetime of the carrier density wave as a function of the @xiS shows the effective density of non-neutralized interface charges,

Ar-ion laser dc power of @-Si-SiO, interface. Data obtained from simul- Eq. (10).
taneous best fits to amplitude and phase frequency scans shown in Fig. 13.

and 17 which restores the CDW infrared photon emission
of the CDW effective diffusion coefficierDes and effective  jithin the range of the InGaAs visibility solid angle. The
recombination lifetimergyr. In the high dc-power rangdy.  effects of finite detector size on the PCR signal are currently
>100 mW, Fig. 14 shows tha®; ~0. Therefore, in that ynder further investigation along the lines of similar consid-

range, according to Appendix Eq. A7 of Ref. 10, erations in photothermal radiometry of semiconductdrs.
1 1 1 Figure 17 is the reconstructed depth profile of the SCL
— ==+ (90  width from full band bending to the complete flatband con-
Teff B Ts dition associated with photosaturation of the PCR signal.

Furthermore, the doping densityy,,, at room temperature
was estimated from the resistivity of the particulpSi
wafef” and was used i}

Tefi~ Tg =460 us, a constant value reflecting purely bulk re-
combination and consistent with Fig. 16. Hetgis the bulk
recombination lifetime. Nevertheless, for the salfgrange
the effective diffusion coefficient of the CDW decreases
from an essentially electron minority-carrier diffusivity value N; = Ny = NpoWo (10
of 26 cnt/s following a relatively steep increase. The onset

of decrease at high optica_lsbias corresponds to photoexciteg calculate the effective density of non-neutralized interface
carr_ler.densmes of 18 e [calcu_lated frgm Eq(7) for chargesN,—Ny". Although a single interface energy state
excitation at 830 nrhand is consistent with the onset of £ has been assumed throughout, it is clear that the calculated

nonnegli%ible carrier—carrier scattering reported fo{18l) charge density of Eq:10) can be generalized to the follow-
surface€’ The increase oD at low Py, bias power is the ing distributions:

result of the ambipolar nature @y;~D,, (Ref. 10, Appen-

dix) as the free-electron CDW increases in the near-interface

region with increased optical interface charge neutralization, Ni=Nio™ 0 > (N?~Ng?)  for discrete states, (11
thus changing the value of the ambipolar diffusivity from the d

majority D,(~12 cnf/s) to the minority D,(~30 cnt/s)

range. The minimum in the value ofy; around Py

_=50 mW, Fig. 16, is most likely a_s;omated with _the increas- N, - Ny O f [N(Eg)

ing values oD and 7 the IR emitting photocarrier density d

wave shifts to deeper subinterface locations, in agreement
with the increased PCR phase lag in Fig&)910(b), and

11, and this results in the disappearance of a number of con- Finally, Fig. 18 shows the change in the SCL width of
tributing carriers from the field of view of the IR detectdr. the n-type interface of Fig. 12. Since there was no saturation
The computational application of E@L) interprets this rela- of the PCR signal possible for thretype Si wafers, the flat-

tive scarcity of carriers as a decreased recombination lifeband condition could not be attained and therefore no fully
time. At higherPg. the flattening bands bring about an in- neutralized charge-state signal was available to use as a ref-
creased free-carrier density wave in the immediateerence interface state with E@l). Instead, the differential
subinterface regiopdecreased phase lag in Figéb)® 10(b), (relative SCL width AWy(l 40

- Nio(Eg)JdEy  for continuous states. (11b
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' ' ! T profile of the SCL. It was shown that PCR can monitor the
1.0+ e complete flattening of the energy bands at the interface of
- p-Si—-SiO, with dc optical powers up to 300 mW. The un-
_ compensated charge density at the interface was also calcu-
%0-8 i B 1 lated from the theory. Witm-Si—SiG; it proved to be more
< difficult to flatten the energy bands as expected from the
S 061l ] much lower minority-carrier capture cross section of the
= n-type interface. The present two-laser PCR method is ca-
(—_‘) / ] pable of quantitative and contactless depth profilometry of
004t . the SCL at intermediate stages of its dynamic optical flatten-
:g / ing up to the flatband state.
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