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Theory of space-charge layer dynamics at oxide-semiconductor interfaces
under optical modulation and detection by laser photocarrier
radiometry
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The dynamic theory of the optically modulated space-charge I69€L) resulting from band
bending at a Si-SiQinterface was developed in terms of the density of interface charges occupying
band-gap energy states. Expressions were derived for these interface charge densities, interacting
with the free-carrier density wave generated in the SCL and in the quasineutral (egiknby an
intensity-modulated super-band-gap laser. The residual and modulated interface charge coverage
affects the band-edge-to-impurity state recombination and the concomitant near-infrared photon
emission comprising the photocarrier radiomdfPZR signal. The PCR theory incorporating these
effects was further developed. It was found to involve the dc, fundamental, and entire harmonic
spectrum of the excitation frequency as a result of the optical modulation of the curvature of the
energy bands and the SCL width at the interface2@5 American Institute of Physics
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I. INTRODUCTION Il. THEORY OF OPTICALLY MODULATED p-SI-SIO,
INTERFACE ENERGETICS IN THE PRESENCE
The technique of laser infrared photocarrier radiometryOF CHARGED INTERFACE STATES
(PCR was recently introduced as a sensitive method fora_ |nterface energy-band configuration

electronic material transport property measurements under ] o ) . o
modulated laser light? although it can also be used in a To fix definitions and ideas, the following description of

pulsed mode. The PCR signal consists of harmonicall;}merf""Ce engrgetics focuses on ptype semiconductor.
modulated near-infrared emissions within the spectral band}YPe mgterlals can b_e treated n a_n.exactly analogou; man-
width of the InGaAs detector with a preamplifier and ner. In Fig. 1 we_c_on3|der the S)e8i mterface_ _energy dia-
matched optical filter$0.8—1.7um). In Si, PCR is believed gram ofp-type Si in the presence of the positively charged

; : > . 9
to be associated with room- or higher-temperature infrared” lerface state densith, (c) acting as traps of free mi

. % “hority carriers(electrong. At equilibrium in the dark the
photoluminescence, a phenomenon partly due to the indirec : . .
" S . ., energy bands at the interface are bent with a total interface
band-to-band transition, which in the past has invariably

. . . otential ener , measured with respect to the intrinsic
been associated with the presence of defééts.a first step poten qu(./’SO : resp : .
Fermi level. The interface depicted in Fig. 1 can either be in

t(.) the study of |r!terface electronic EﬁeCt§ affecting the PCR epletion or in inversion. At equilibrium the SCL width,
SIgnaI,_a theory is develpped for the optical modulation an b, serves as the reference value for the nonequilibrium
relax.a.tlon of band ,behd'hg toward photosaturatgﬂmband configuration under optical incidence of intensity
condition at the Si-SiQ interface. The harmonic modula-

tion of band bending through optical interactions with

charged surface states in oxidized Si wafers is considered A
and the PCR signal from the width-modulated space-charge oxide
layer (SCL) and the quasineutral region beyond is derived.

Expressions are thus developed for these interface charge ", q¥s v<0
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densities, interacting with the free-carrier density wave gen-

erated in the SCL and in the quasineutral redionlk) by an ¥>0
intensity-modulated super-band-gap photon source. The
small radiative component of the recombination of free mi- W\
nority carriers in impurity states is assumed to be in the form
of room-temperature photoluminescence measurable by PCR 0

as near-infrared photon emission following the recombina-

tion event. FIG. 1. Band-structure energetics apdype Si—SiO interface with a posi-
tively charged interface statérap densityN, assumed to be at enerd.

The band bending is modulated by the external optical field. The various
dElectronic mail: mandelis@mie.utoronto.ca guantities have been defined in the text.
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lo(a,hv) (W cm™), wherea is the optical-absorption co- W(u) = eJCy(1hs) = £4(9|Qsd/ It

efficient at the super-band-gap photon endrgyThe Fermi e T—

level is Er in the bulk, but it splits up intdEg, and Ex,(X) - \’ELD<LU_1>. (5)
within the SCL, due to the presence of the interface state 1-¢e

densityN, distributed over a narrow energy range centered af

~ . LS n Eq. (4), the potentialys, has been associated with the
E=E,. If many such interface state distributions are IOresent3urface/interface barrier height and can be measured by the

T e St s Tace phooolage fecnGhEQUaton()can e el
¥ y ed under depletion conditions far< 1, such thatjg> i

over the distribution of discrete state densities, or as an inte; 0
gral over a continuous distributioN;;(E;)dE; across the '

band-gap rangeE.=E;=E,, in the manner described by W(hs) = (25 APpo) 2. (6)
Kronik and Shapird.Aberle et al® have devised a computa- T

. . S : his is the same as the well-known depletion-layer expres-
tional method to deal with such distributions and their effects_. . . . .

L o sion under the one-sided abrupt junction approximatief.
on Shockley—Read—Hall recombination at the SiSi inter- bt bp

. LT . . 4, Chap. 2.3.L F > i i ditions, Fig.
face. The single-state simplification in this work is not a ap L For y¢> g (Inversion conditions, Fig. )1

. S ) . . the increasing exponential term in , when inserted in
serious limitation, as it leads to an effective density of state g exp @

) ) . _ o %q. (5), eventually dominates the behavior, despite the small-
associated with an effective SCL width, which is all one can ss 0f(No/ pyo). SO that

measure using nonspectrally resolved techniques. DetaiPse
about the equilibrium configuration in amtype semiconduc- W) = 1<I(BLST>1/2exp<— q_t,bs> o
tor can be found in Ref. 4. The important results petype q 2kgT/’

interfaces can be briefly summarized as follows, as they form = = ) i ,

the reference state for the theoretical development of thé NS limit represents the inversion-layer portion of the SCL,

free-carrier-density-wavéCDW) dynamics under external '-© WhenEFn(X) crosses over thgy(x) curve in Fig. 1 and. .
optical modulation. the thickness of the layer decreases rapidly. Therefore, it is

Charge neutrality across the two sides of the interface Jpossible that optical modulation of the SCL width may pass

x=0 requires that the accumulated free-electron charge defl’ough @ series of configurations from inversion through
sity in the SCL must balance in detail the positive exteriord€PI€tion to flatbands, and possibly into accumulation, de-

charge density which causes the potential shift from th*€nding on the magnitude of the interface charge density
maximum i, o ¢ (coverage Within the depletion approximation, E¢), the
Sy

SCL width must take the thermal correction into accdunt

[> 2¢ 12
:MF<q—%), B W(ws):< Swso—w(lo,hv)—(kswq)]) . ®
alp  \kgT APgo

where Ay(ly,hv) is the interface potential change in the
wherekg, T, &5 are Boltzmann's constant, the absolute tem-presence of external optical photocarrier generation which
perature, and the dielectric constant of the semiconductoberturbS the interface state charge density. Under room-
respectively;Lp is the extrinsic Debye length for electrons, temperature conditions in Spy~N,, the total acceptor
density(cm3), since all hole impurity states would be essen-
tially ionized. At flatbandsAy(lg,hv) ~ ¢y, and the SCL
vanishes.

po

Qsi == Qsc

1
Lp= a(kBs'sT/ppO)l/2 (2

andF is the normalized interface electric field defined as
B. Interface-state occupation dynamics under

F(u) =[(€+u~- 1)+ (ny/ppo)(€" — u~1)]*2, 3) modulated optical excitation

Let us assume the single interface energy trap €ate
Here,p, andn,, are the majorityholes and minority(elec- with N; the number density of positive electron traps. The
trong free-carrier densities, respectively, amdqis/kgT. In fraction N,y of N, is occupied through recombination into the
a p-type semiconductor under low-to-moderate injectiontraps of free thermal or photoexcited electrons within or be-
conditions we havén,,/ppo) <1, which leads to a simplified yond the SCL. Those occupied states become electrically
relationship between the interface-state charge density arfteutralized and induce a change in the width of the SCL. The

the potential, fraction N;—N,q of states remains unoccupied, and therefore
charged through thermal emission into the conduction band
’ Qb Qb 1/2 or through direct optical extraction of electrons by the inci-
Qsi(ipe) = \2pposskBT{exp<— ﬁ) + (@_) —1} dent photons. It must be mentioned that although super-
B

band-gap photons are assumed throughout, the optical emis-
(4)  sion mechanism can also work with sub-band-gap energy
photons, as long asv=E--E,. The rate equation of capture
Within the (np/ ppo) <1 approximation, the SCL width can and release of minorityelectron carriers at the interface
be found from the capacitance of the layer state under depletion/inversion conditions is
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0.~ g0+ ANO.HIC(N, ~ N - ReNe
at Ec
V/ﬁ
= Palo(n¥)No, ©) WA Il(l,x+Ax)=[,(l,x)+ﬁ(ai;x)Ax
where C, is the probability for free-electron trapping at an o .
interface statdcm®s™). P, (cn?J™) is the probability for E
incident photon absorption at an interface sgarface ab- Si0,8i | Y
sorption, leading to ejection of a trapped minority carrier. ™ — >
P, is usually small and delays the establishment of nonequi- 0 ,[ l \ X
librium steady state upon illumination of the surf&cé. % x+ 4% Wo)
Ry (s7}) is the rate for thermal emission of electrons from the
trap state into the conduction band, FIG. 2. Details of space-charge-layer optical excitation of a minority-carrier
(electron by an incident super-band-gap photon, showing an opposite sign

R(T) = NcC, exd— (Ec — quss — E))/kgT] (10)  carrier separation leading to E(.6).

and Ne=2(27m, ks T/h?)32 is the effective minority-carrier
state density in the conduction band of the semiconductoffapped carriers in interface states during the illumination
Any(0,1) is the free photoexcited minority-carrier density at part of the modulation cycle can be reemitted fast enough
the edge of the conduction band. The foregoing picture offto the conduction band during the dark part of the cycle. It
minority-carrier trapping at interface states depends on thé& well known that saturation of surface photovoltd§®V)
ratio of electron and hole capture cross sections. At thé&ignals versus illumination intensity in Si depends on modu-
Si-Si0 interface, Aberleet al® have shown that this ratio is, lation frequency due to incomplete carrier emissiot
indeed, on the order of 100; therefore, efficient capture of ~For the calculation of the free-electron-density-wave
electrons by interface states is expected upon illumination oeneration rate in the SCL, Fig. 2 shows the relevant coor-
a p-type Si CrystaL with not-so-efficient trapping of an dinate configuration. The incident modulated inten$'ﬁty|d
n-type material. Insofar as the trapping efficiency affects thdts simplified form
degree of band bending by means of optical biasing, these 1
expectations were borne out experimentilyachieving IO\ 0) = =1g(N)(1 + @) — 1g(n) et (13
complete flatband conditions gi-type Si—SiQ interfaces 2
and only partial removal of band bendingratype Si-SiQ  (reates electron-hole pairéehp within a distance
interfaces. At equilibrium in the darkiN/ =0 andlo=0.  _[,(\)]%, wherea is the optical-absorption coefficient of
Therefore_, the chargg densﬂy on the oxide S,'de of the interg e semiconductor at the incident wavelengtht is usually
face (mobile charges in the SiCare neglectedis convenient to use the abbreviated form of the modulation
@ RN, _2 factor above on the right; however, great care must be taken
Qsi=a[N; = N™'] = Cn@+R. (Ccm™). (1) when nonlinear calculations mixing the dc level, the funda-
Mpo -~ + Rr mental and higher harmoni de, as i i
gher harmonics are made, as is the case with
It is clear that the degree of band bending in the dark dephotocarrier radiometryThe modulated excitation generates
pends on the number density of thermally or otherwise iona free-carrier density wave mostly within depthfrom the
ized free minority carriers. In the extreme case, wheresurfacé” that usually includes the very thir-0.5 um in Si)
np0<e):0, thenQg=qN, i.e. all interface states are unoccu- space-charge layer. This is a coherent excitation of minority
pied and positively charged, thus creating the largest possiblearriers which is characterized by a frequency-dependent
band bending and the widest SCL width. From charge neufag diffusion length
trality across the interfac&=0 it is established thaQg=

_ * .
_QSC:qnpO(e)W01 or Ly(w) =vD, /(1 +iwT,), (14
RN, WhereDn* is the ambipolar diffusion coefficient ang is the
Wo="—"75 ) = Winax (12) bulk lifetime of the CDW. In practice, these parameters are
Moo [CiNpo ~ + Ry]

composite(effective quantities involving interface as well
where Wo=W(I,=0) is the maximum value of the SCL as bulk values>'®In the Appendix it is shown that the in-
width. For an interface at equilibriun@; is the product of terface lifetime value is affected by the details of the trapping
the thermal velocity of an electron and the capture crosslynamics. Those minority carriefglectron$ within an ac
section of the interface state with enerBy Although the diffusion length from the edge of the SCL can be swept into
energy-band bending is modulated harmonically in time, thet and slide down the energy-band slope of the SCL edge
equilibrium configuration in the dark represents a physicallyunder depletion or inversion conditions for the majority car-
meaningful and experimentally extremely useful referencaier (holeg. This increases the charge density within the
state for optically driven band-curvature modulation, as parSCL, which, in turn, affects the occupation of the interface
of the modulation cycle involves the complete shutoff of thestateE,. Under interface illumination with intensitys(\)€e'“!
radiation and temporary restoration of the dark equilibriumthere is a nonzero probability that a fraction of the occupied
conditions, depending on the actual optical modulation wavénterface statesiN,,, will absorb photons from the incident
form used. This configuration is, of course, attained only ifradiation and will eject trapped electrons into the
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conduction-band edge, thuscreasingthe degree of band In adapting the foregoing interface carrier dynamics to
bending!’ Assuming quantum efficiency one for this carrier optically modulated space-charge regions, the physical pic-
extraction process and omitting the time-harmonic modulature that emerges in p-type semiconductor is as follows:
tion factor, the interface-absorption-attenuated incident inehp generation in the SCL and efficient separation of the two
tensity transmitted through to the Si bulk ig\)=14(\)(1  opposite sign carriers by an incident penetrating photon, un-
-o,N,), whereo, is the absorption cross sectiden?) for  absorbed by the interface states, lead to an extra free electron
optical transitions depopulating the interface stateFor a  in the SCL under depletion. This added electron tips the elec-
uniformly illuminated cross-sectional aréa the net rate of trical neutrality of the oxide-semiconductor interface and an
CDW generationg,(x, w), within the virtual slicex,x+Axis  electron must be trapped by an unoccupied charged state at
given by the interface in order to reestablish charge balance. An in-
crease in the fraction of occupied states occurs which de-
creases the net charge density to a minimum vale
where 7, is the optical-to-electronic energy conversion =0[N;=Nio(l1)]. The decreased potentigl on the oxide side
quantum efficiency in the semiconductor. Expanding the sec?f the interface decreases the width of the SCL, H).

ond term in the brackets and retaining only the first ordef2uring the part of the modulation cycle when the light is off,
term in the expansion, and assuming the validity of the BeerlN® occupied states eject the electrons captured during the
Lambert law, the free-electron-density-wave generation ratdlumination part of the cycle in an effort to assume their

per unit volume G, (X, w) =gy(X, )/ AAX, is found to be equilibrium statistical density in the dark, at a rate which
depends on the relaxation time of the trédmretofore as-

(M) a(N) X (1+e  (cndsY sumed fast compared to the period of the optical modulation,
2hy but accounted for by the interface capture and recombination
_ Cox lifetimes below. In the dark, the interface charge density
= Gn(0.w)e™, (18 reaches its maximumQs=a[Ni—N,,"], whereN,,"” is the
whereR is the reflectivity of the semiconductor-oxide inter- fesidual occupation density, conesponding to maximum SCL
face, assuming that the oxide is essentially transparent to thidth. The value ofN," occurs forl;=0 and is mainly
incident laser radiation. In this picture, photocarrier radiom-determined by the thermal free-electron background density,
etry monitors the near-infrared recombination emission2Npo(T), in the conduction-band edge, and by hopping diffu-
from free-electron-density oscillations photogenerated withirsion to the charged state from other types of occupied states
an optical-absorption deptl; ™, at the interface and within which also contribute to the free-carrier density in the con-
the SCL, and from those minority electrons migrating intoduction band through thermal excitati¢Appendiy. These
the SCL from the quasineutral region from a statistical depttProcesses exist independently of the optical excitation and
W=x=<|L,(»)|. In addition, CDW recombinations in the Serve to determine the background potential bias at the inter-
quasineutral region itself, within a statistical depth given byface which is responsible for the maximuneference band
maxa!,|L,(w)|], result in recombination emissions also bending.
captured by the IR detector. Finally, to complete the descrip-  Introducing into Eq(17) a harmonic time modulation of
tion of carrier dynamics at the interface, the rate equation fofhe free-electron density

1Al 1 (X, 0) — 11(X+ AX, w)] = hvgn(X, ), (15

Gn(x, @) = 7g[1 ~R(\)]

minority electrons in the conduction band within the SCL Ang(x, ) = An (x)et (18)
must be considered, L P ’
IAN.(0.0 which constitutes the free-electron-density wave, and a simi-
—_— = DniAny(0,)(Ny = Nig) + G (0,1) lar component to the interface state density determined by
at the modulated charge neutralizing occupation den&tye
+ (Palo+ RPN — DpiAny(0,ON;. (17)  electron neutralizes the positive charge of the state while it

remains trapped during the part of the illumination cycle
Here, D, and D,; are diffusion coefficientscn?s™?) of o .
conduction-band carriers into the interface charged stdtes Nig(@) = Nig"’ + Ny (w)e'® (19

and into other noncharged and defect states at the interface gﬁd equating terms on both sides of the rate equation. vields
densityN; (cm™2), respectivelyD, is related toC; in Eq. (9). N 9 q Y

G, (0,1) is the generation rate per unit volume of Et6) and the free photoexcited electron-density wave on the semicon-

. ; . -, ductor side of the interface,
acts as a harmonic source in the rate equation. It will be
noted _tha_t free-carrier densities qnd generation or [ Gy(0,0) + (P,lo+ RT)NtO(r)
recombination/capture rates on the semiconductor side of the Any(0,@) = )
; ; » iw+DpdNi =Ny ']+ DyiN;
interface are considered to be volume quantities, whereas _
corresponding densities and rates on the oxide side are con- There are additional terms, both dc anef'“* appearing
sidered area quantitié3.Unlike the rate equatiof®) which  in the free-carrier density rate equation under harmonic
is very specific to the occupation of the charged interfacenodulation, but they are omitted here because the experi-
states at energl, that contribute to the electrical configura- mental configuratiojrjr involves lock-in detection at the fun-
tion of the SCL, Eq(17) is more generally descriptive of the damental frequency=w/27 only. Imposing the same type
full recombination possibilities for the free minority carriers of harmonic modulation on the rate equation for interface-
in the conduction band. state occupation, Ed9), and equating termse“t on both

)éwt. (20)
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sides result in an expression for the modulated component of e T ke =L >
the trap occupation density due to optical ehp generation, Loe™ ! D,
—> 1% :
Ny(w) = (Ct[Nt - Nto(r)]Anp(O) - PaIONt0<r)>eiwt_ (21) - g l_'>§
lw+ Ctnpo + RT :: iy \'.\ '
o . —» & S
For simplicity, any losses of photons due to interface absorp- ¥
tion at occupied states, as well as any resulting contributions Nots,
to the free-carrier-density wave in the conduction band, have S1,Detr o
been neglected from both Eq&0) and (21), as they repre- _I'E
sent nonlinearities which become important only at very high *sio ;0 —y ; 7/ f—> X
incident modulated intensitigsinlike the typical experimen- : / l \ \
tal situatior) and/or occupation densities at the interface. Woie Wo W(t) Woar

Equating the dc terms on both sides of the rate equdfpn

gives the residual density of occupied states due to the presiG. 3. Optical source depth profile and carrier-density-wave transport pa-
ence of thermal minority electrons in the conduction bandameters inp-type semiconductor Si with a transparent surface oxide and
without the external optical source under depletion/inversior¢"ace state densit,

conditions(equivalently, in the dank

o _ _ CinpoN; tially absent dug to. effici-ent sgparation of the local ehp and
- Cingo+ Ry’ (22 the completely ionized impurity states at, or above, room
P temperature. As a consequence, the recombination lifetime in
This expression is consistent with E(L1) obtained under this region has been set equal to infinity, Fig. 3. Experimen-
equilibrium conditions and attests to the fact that with regardally it is very hard to separate SCL recombination from
to interface states with short emission/capture time constangther free-carrier sinks at the interface. However, it should be
the dark part of the optical modulation cycle restores thenoted that if any recombination does occur inside the SCL,
interface to its equilibrium condition. The foregoing expres-thjs would amount to an additional free-carrier sink which, in
sions for the modulated quantities help define an interfacenis work, is phenomenologically taken into account through
recombination lifetime for the photoexcited free-electron-ipe concept of surfacéor interface recombination velocity

t0

density wave, (SRV) adapted to the interface-state dynamigppendix).
1 The opposite approach has also been taken in the literature:
Ti = _N D N (23) the surface recombination velocity and the SCL recombina-
Dnd Ne=Nig 1+ DNy . o . . o
_ tion lifetime have been combined into an effective “near-
In terms of7; the CDW can be written as surface lifetime,"7sc,.1° Both of these descriptions are valid,

= _ as one usually does not know the detailed relationship be-

Ang(x, @) = (ﬁ)[Gn(X, )+ PeloN" 1€, (24)  tween interface recombination velocity and near-surface life-
@ time for the (unknown interface charge density energy dis-
Similarly, with regard to the interface state occupation-tribution manifold in a given sample. Therefore, for

density modulation, the capture lifetime simplicity, in calculating the number density of free photo-
1 carriers in the semiconductor bulk generated by the incident
T (25  radiationly(hw), it helps to think of the surface strip<Ox

c= ~ 5
+ . . .
Cipo + Ry <W(ly) as serving only as a transport pathway of minority

can be defined as the inverse of the background trapping ratarriers which did not recombine radiatively in the quasineu-
into the state, so that the dc and modulated components dfal region(where they would have contributed to the PCR
the occupation density can be expressed in terms.of signa) to the interface, where they recombine mostly nonra-

Te _ diatively (contributing to the effective value of SRV which
N, (w) = (T>(Ct[Nt — Ny "1AN,(0,0) = P,IoN )€ decreases the PCR sighaDf course, optical absorption and
@Tc photocarrier excitation within the SCL generate a spatially
(26) dependent excess carrier density represented by the rate
and Gh(X,w), Eg. (16); however, these carriers are assumed not

to recombine within the SCL but rather join the transport flux
Nio"” = CercnpoN:. (27)  to, and accumulation at the interface of, their peers which are
generated in the bulk. Under these physical constraints the
continuity boundary-value problem for minority electron-

C. Free photo-excited minority-carrier wave density wave generation in the bulk is given ]B‘y

in the quasineutral (bulk) and SCL regions

The interface carrier density expressions derived in Sec.
Il B are evaluated ak=0 regardless of where the quantity
inside the SCL is considered, because the SCL acts as a thin

dPAny(x,0)  Any(x,w) _ Gy0,0) _ .
spatial region(~0.5 um) in which recombination is essen- n n

* 1
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W(t) <x=<L, (28) face, EQ.(290. The optical and transport parameter profiles
across the semiconductor cross section are shown schemati-
cally in Fig. 3. Although the values of the interface param-
etersS; and D¢ are normally determined experimentally

S from the PCR signal as a function of modulation
= D_A”D[W(t)’“’] (298 frequency-? it is possible to derive explicit expressions for
=W of them in terms of the interface state density configurdsa®e
(conservation of photocarrier wave flux across the SCL inAppendix, Eqs(Al) and (A8)].

whereG,(0,w) is given by Eq.(16), with the simplification
I,=1g subject to the boundary conditions
dAng(X, w)
dx

terface; and The solution to the boundary-value problei28) and
. 14
Any(0,0) = Ay WD), ], (20p (29372901
— 7]9(1 - R)Ioa —aW(w) i wt
dAny(x, Anb(X,w)—[ : e (1+€)
dAn )| - = An(Lw). (290 20D, (o2~ )
dx oy D,
9 KXW
In the boundary conditiori293g, the value ofDg can X[G -G e—sz(Gze Kbt
either be the ambipolar valuan* for minority electron re- 2 7t
combination in the quasineutral region, or the value for in- 4 g H2Lx- W) _ gralx-W(w)] (30)
terface hopping diffusiorDq (Appendiy, depending on the ’

actual radiative recombination site. In most practical cases it

will be taken aD,” as bulk recombination events far exceed Wnere
interface hopping d|ﬁu5|on_reqomb|_nat|on. In Eq428) z_ind _ Si+aDey _ k(@)D= Sy,
(29a, W(t) denotes the oscillating width of the SCL with the g= G, =

frequency of the incident photocarrier generating radiation, S; + k(@)Der k(@)Derr + S

because the photon flux changes the occupation density of

the interface states via its effect &fj(w). This occupation G,= k(“’)—+82 (31)
density oscillation, in turn, modulates the SCL width A k(w)D, =S,

second possible mechanism for band bending, namely, the L . . . .
screening of the interface charge by free carfidtgoes not &€ minority CDW interfacial coupling and accumulation/

play as an important role ip-Si because surface trapping of depletion coefficientsk(w) is the minority electron CDW

minority carriers is a very efficient process due to the high\’v"’we numbefmagnitude of the complex wave vector in one

capture cross section for electrong~ 10131014 cnp 1920 dimension defined as

In Egs. (28) and (298—(290), S; and D¢ are the interface 1+iwr \12

recombination velocity and effective diffusion coefficient, re- k(@) = ( D n) : (32
spectively,at x=0, despite the fact that the boundary condi- n Tn

tion is posed ak=W(t). This is consistent with the assump- In view of the fact that the SCL width is almost always

tion that there is no loss of carriers within the SCL, so allvery small compared to the typical thickness of bulk semi-
losses occur at the translated coordinate at theonductor materialsL>W,, collecting terms from the
semiconductor-oxide interface. Conservation of the electronspace-charge region, E@4), and from the bulk of the semi-
density wave atx=W(t) is assured by Eq(29b and the conductor, Eq(30), a complete description of the CDW ev-
carrier-wave loss at the back surfacelL is described by the erywhere on the semiconductor side of hxype material
recombination velocity and diffusion coefficient at that sur-can be obtained,

2hv

( 7 ) €M [ 9(Gy + &)
. e + *
1+ios; D, (a*-K) [ Gy~ Gt

Anp(x, w) = {M} (1 + elwt)

—1]; 0=sx<Ww)
—aW(w) (33)
e 9
5 *( > k2) G S e—2kL[GZe_k[X_W(w)] + e—k(ZL—X)]e—a[X—W(w)] : W(ll)) <x<L

n @ — 2~ L1

It should be noticed that the termloNto(” in Eq. (24) was  face is too small compared to the bulk photogenerated carrier
neglected in comparison witB,(x, w), because the number density required to shift the curvature of the energy bands in
density of ejected carriers by direct absorption at the interorder to have any measurable effect on the PCR sipral
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alternatively, on the surface photovolt&ge W)

In Eq. (33) there is an apparent CDW discontinuity at ~ Qse= ~ dlNpoWllo) + e'w[J Ang(x, w)dx]. 37)
x=W due to the inability of the SCL to exchange particle 0
fluxes with the quasineutrdbulk) region in the absence of From the charge distribution in the SCL, E€83), it is
intralayer and interlayer diffusion. Recall that only drift of straightforward to show that
photocarriers across the layer is considered based on the _ aW(lg)
well-known dominant transport mechanisms across this very ~ Qsdd=NpoW(lo) + Clo{Tri(w)[1 —e ']
thin layer and in order to keep the math(_amatical fo_rmulation + aF (w)W(lp)e Wlohgot (39)
tractable. The term proportional fa,;/(1+iwr;)]e"* is the
result of CDW confinement within the SCL under depletionWhere frequency and intensity dependencies of the various
and/or inversion conditions of thetype semiconductor cre- Parameters are highlighted, as they correspond to experimen-
ated by the presence of interface Charged states and it d@.“y controlled variables in PCR measurements. The follow-
pends on the trapping time Constafllit The discontinuity |ng definitions were introduced to Slmp|lfy nOtation
can also be viewed as the consequence of assuming an abrupt
ending of the departure of the potential enemy(x), from
the intrinsic Fermi levelE;, at x=W. Through this term, the

(1-R 7o Tri
C= ;o Tilw)=—7—"3
2hy i(®) 1+ioT;

SCL can freely communicate with the interface states. oKL
Through the remaining terms it facilitates and accelerates the () = 1 ig(G 2+ € 2k) 1] (39)
transit to the interface of bulk-generated carriers swept under D, (a?-K*) [ G~ Gy "

the influence of the built-in electric field that exists inside the
SCL. The obvious analog of this situation is the charge-
density discontinuity of an abrujtn junction at the edge of

the SCL(e.g., Ref. 4, Chap. 2)3which is in general agree- W(lo) = Wy — Win(lg) €'t (40)
ment with experimental results.

Furthermore, the modulated space-charge layer width can be
written as

Qs in Eq. (38) is complex and given by ®@s=q{[N;
—Nto(”]—Nl(w)e““‘} in Eq. (34). However, the right-hand
side (rhs) of Eq. (38) contains a full harmonic spectrum of
D. SCL width modulation as a function of laser-beam the angular modulation frequenay when multiplexed with
intensity the SCL modulation function E¢40). Upon introducing a

The effect of band-bending modulation under an externaPrinciple of Detailed Charge Neutrality for each harmonic
optical field on the interface charge density at the oxide sid@rder, the components of each ordete"*"); n=0,1,2,..,
can be described in terms of static and modulated compdn both sides of the equal sign in E@8) must be, one-to-

nents, one, equal across the oxide-semiconductor interface. For
synchronous lock-in PCR detection, however, we only need
Qsil @) = Q" + Q)€ = g[N; — Nig™] = Ny (w)€e . the dc andD(€“!) components of Eq(38) to match with the
(34) respective terms o,;/g. To perform this calculation upon

insertion of Eq.(40) into Eq.(38), the following expansions
Using Egs.(26) and (27) for the respective interface state © ordere " are required:

densities yields e W= @ AW(1 + oW, ), (413
R oW — AW, j wt].
Q. r)_th<—) (35) We*W=¢ [AW = W(1 - aAW)E“H];
Cingo + Ry
and AW= W, - W,,. (41b

To obtain physically meaningful results requires using the

full modulation function%(1+ei‘"‘) instead of the modulus
gt with all modulated quantities, and keeping in mind the
(36) origin of the various dc and ac terms so that they can be

grouped together with similar term{.g., the unity above

The negative sign above indicates ttitincreases when the Must accompany the ac componenhen the complex equa-

occupation of interface states decreases, since a charget'i%n

Cor?

l1+iw

Ql(w>:—qM< )[RTAnp(o @) = PyloN e,

neutralized for _each minority el_ectron _captured at an inter- NpoW(lo) + Clo{ Ty (@)[1 —g a0
face state. During one modulation period the SCL width IO
oscillates between its maximutdark) value, Wya,=W,, and + aF(0)W(lg)e 0}

a minimum which depends on the incident intensiy;, :[Nt_NtO(r)]_ Ny (w)e !

=W(l,). Ideally, the absolute minimum occurs at the flatband

intensity, | g, in which caseM(lg)=0. The total charge den- is separated out into its harmonics. The outcome of compu-
sity in the SCL is obtained by integratir@. over the SCL  tational demultiplexing is

width, dc term,
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N, - N, = NpoWo; (42)  of incident laser intensity required to drive the interface to

) the flatband condition,
O(e“) term,

n
Ny (0,10) = CaWalf Ty () + (1~ aAWIF () e 4. b0 = lomar™ (T Ryt (@) (@] (49

(43) At flatbands the modulated interface charge density is

Equation(42) can be used to calculate the backgrouydd 1 _
charge coverage of the interface state and thus define the Qsi(lgg) =qnEWo 1—5(1 +é
SCL reference width in the dark

NoWo;, €“'=-1
No-Ng” RN, = {q Pom e (47)

W, = = . (44) 0; &= +1.
° Npo Npo(Cinpo + Ry)

] o ) At the instant of maximum fluence of the sinusoidal op-
The rightmost expression is derived from E2@) and can be ¢4 jntensity modulation this relation shows that the charge
compared to the equilibrium SCL in the dark, H42). In s fy|ly neutralized instantaneous(in reality, at times short
principle, from Eq.(44), knowledge of the SCL maximum .o mnared to the capture time consjamd accompanied by
width Wy and of the thermally induced minority electron ghrinkage of the SCL width to zero. At the dafkero flu-
density, ny,, can be US(%d to infer the equilibrium interface gncq instant of the period, the interface state occupation due
charge densityNi-N,y . This has been accomplished g jjjymination ceases and the residual charge density
experimentall)}.l Further knowledge of the interface capture qneoWo (C cni?) emerges unbalanced. Again, it is empha-
and thermal emission rat€3 andRy suffices to estimate the  gjzeq that these predictions can only be achieved if the trap-
trap densityN; and thus completely determine the interface ying time constant of the interface state is short compared to
equmk_)rlum charge configuration. In practlce,_ these interfacgne inverse of the light modulation periodir; <1. Other-
quantities are unknown and the calculatetaximun) value  \yise, there will be a delayed response amounting to a PCR
of Wo may be used to extract the active doping concentratiopyhase shift, leading to complications akin to those known in
in the SCL from the experimental data. With SPV measureine field of surface photovoltage spectroscopy as “photo-
ments under depletion conditions, it is relatively straightfor-mernory effect 23
ward to use Eq(6) with the Kelvin probe-determined surface In view of the fact that optical intensity bias is the pri-
potentialy; to solve forpy,.** As there is no electrical inter- mary experimental control of the SCL width, the relation-
fa_lge with PCR, only\, measurements under i_nversion CON-ships of Eqs(42) and(43) between the darkeference SCL
ditions can be used to determine the SCL active dopant deRyigih and the incident intensity with the interface-state
sity, Ny, from the equatiofRef. 4, Sec. 7.2.1, Eq28)] charge coveragegoccupation densitie}sNt—Nto(r)(lo) and
deksT IN(Nggny) |12 N,(w, 1), respectively, are of great importance. however, it is
b= 2N , (45  clear from the foregoing that they cannot be easily deter-
4 Nse mined from first principles. Experimental data of the PCR
as was done by Romaet al. using SP\? Here n; is the  signal versus the incident optical intensity must be obtained
intrinsic carrier concentration in Si. In PCR, the known valueand fitted into the appropriate expressions Vil and W,
of W, must be used in the determination \0f, from Eq. as parameters. Experimentally, these quantities can be ob-
(43). Given that the left-hand side of E@L3) is an amplitude tained conveniently from PCR frequency scans and/or inten-
(real number, the equality can only be understood also inSity scans with a super-band-gap optical source.
terms of the amplitude of the rhs. Fy=0 Eq. (43) yields
N;(w,0)=0. This is consistent with the expectation that therejll. PHOTO-CARRIER RADIOMETRIC SIGNAL
should be no photocarrier generation in the datk(w,0) DEPENDENCE ON SCL
=0 also if W,=0 in the same equation, again consistently
with the requirement that the conditiow,,=0 must be
equivalent to the dark configuration of the energy bands
the surface, so th&v=W,. Forly=1gg, the flatband intensity,

The PCR signal in a semiconductor, with infrared ab-
a§0rption (equivalently, emissioncoefficient ¢g(\r), aver-
aged over the spectral bandwidth of the photodetector, is

we require thaW=0, i.e.,W,,=W,. Equation(43) provides given by

a nonlinear method to extract thgdependence of the SCL _ IRWer(AR) 1-Ri(\Rr) ot
width W,,, provided that the oscillating interface charge cov- (@ Nir) = A 1 - Ry(\p)Ro(\ )& 220MR)L
erage is known. In practice, the reverse is more likely to L

happen; thew,(l,) dependence may be extracted from the Xf e (2, 0\ ) — a0d(Z, @\ ) ]dZ
PCR data, and then used with Hg3) to estimate the mag- 0 fe SRR TORA T RIS

nitude of the oscillating charge coveradé,(w,lgy). Simi- (48)
larly, using a variable dc optical bias intensitye, to change

W, under the conditions wheM,, is negligible, thewy(lpc)  whereR;,R, are the reflectivities of the front and back sur-
dependence may be extracted from the PCR data using Eface at the infrared emission wavelength, respectivefyis
(42) to calculate the steady interface charge covef’ége. the radiative quantum efficiency for the emission of an infra-
Equation(43) can also be used to determine the magnitudaed photon through carrier recombinatioffyg(\z)/A is the
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robability density for a radiative emission within an afga .
gnd Y Y -[AW=-W,(1 —aAV\/)]}e'“AW>e""t.
aR(Z,w;\R) = ag(\R) + are(Z, @; N R)E, (493 (52)
, Here,\, denotes the wavelength of the excitation radiation.
Iz, 0 \R) EJ (X, @} \R)AX. (49b  Experimentally," this equation can be applied with super-
0 band-gap radiation of absorption coefficient(hv)

>10° cm™?, such that the semiconductor material is entirely
Here, «q is the background sub-band-gap infrared absorptiompaque to the incident radiatiom ®-~0. The quantities
coefficient of the semiconductor in the dark, andg, G,, G,, andk have been defined in Eq&31) and(32).
a;(Z,w; N\ ) is the excess infrared absorption coefficient dueT, (w) was defined in Eq(39). The effective SCL width
to the free photoexcited CDW by means of an incidentAw=WwW,-W,, andW,, are functions of,, as described in Eq.
modulated optical beam emitting super-band-gap photong43). In the limit of 1,=0, there exists no photocarrier density
Equation(48) is a simplification of the infrared absorption wave, thereforeS,=0. If there exist no charged surface
field valid in the limits of low reflectanc®, and reasonably  states, thethW=0 andW,=W,,(1,)=0 for all 1,>0, as gath-
constant spectral dependenceagf)r) within the detector ered from Eqs(42) and (43), respectively. In this limit Eq.
bandwidth. For Si the residualy(\g) in the near sub-band- (52) reduces to the conventional PCR signal expre<sidth
gap region is very lovi? ag(\g) < as(z, w;\g). According linear dependence d,
to Kirchhoff’s law stemming from the Principle of Detailed
Balance?” the infrared absorption and emission coefficients
are equal at all wavelengths. Now, the modulated part of the ~ Sp(lg, ;@) = CO(RlaRZ;a’IR)|:
absorption coefficient can be linked to the free photocarrier

ol - Rl(mlloa}
2hVDn*(a2 -K?

density wave &8
y X{m[@z*eﬂm‘e‘“ﬂ
a1z, 0, Mg @) = KNg?Any(z, w; a); . 2
——(1—e—aL)}éwt. (53
K =~ 108 cn?/um?, (50) @

for both n- and p-type semiconductors, wherén, is the Finally, in the presence of a nonzero densit_y of charged in-
minority-carrier density, and is the optical-absorption co- terface statesyQs;, when the PCR intensity is such thiat
efficient at the excitation wavelength. Therefore, fggl. - !re: EQ.(46), the amplitude of the modulated SCL width is
<1 in Eq. (49, the PCR signal can be obtained, to first Maimum,Wy,=W,, and the signal, E¢(52), reduces to the
approximation, from the depth integral of the free- following expression:

photocarrier density generated throughout the thickness of
the semiconductor

Sp(lgw;a) = Co(Rl,Rz;am){ 7QlL = Rl()\a)]loa}

. 2hy
(lg,w; ) = Cy(R, Ry @ )f Any(X,w; a)dX, (51 1
S(lo o\Ry, R, R o p( ) X[ = Ti(0)Wo + — —
D, (a“—k°)
where C, is a depth- and frequency-independent constant. g
Carrying out the integration using Eg&3) and (40) and a k(GZ—Gle‘ZkL)[{(1+aW°)

retaining only terms on th®(e'“!) for lock-in detection of " L
the fundamental Fourier component of the PCR signal using —[1+(a=KWole™HG + ™)

expansiong41a and(41b), yields the expression 1
- Wy(G, + e )] - Sl +aWo) - e ]
o

ol - Rl(xa)]loa]
2hy

So(lg,w; @) = CO(RlyRZ;alR)|: } )
+W, )e“"t. (54
X (—T”("’)[l — (1 +aW)e W]

@ What differentiates this case from the previous one where

1 g there was no interface state density present is that, when the

+ D (a?-12) | k(G,- G, b flatband condition is satisfied, there is a temporary neutral-

. 2t ization of the interface states; however, the dependence on
X[{(L+aWy) ~[1+(a - KW Je™} N;~N,," renders the PCR signal a function of the residual

X (Gy+ €™) + [AW = Wi (1 — aAW)] trap density via Eq(42). Physically, even when the flatband

condition is satisfied during the dark part of the modulation

X (G, + 2] - i[(l +aW,) — e ] cycle, the surface states remain a locus of carrier trapping/

2a emission.
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IV. CONCLUSIONS d, d;
Tt = N — N ) ; Ti= N (A3)
A dynamic theory of the optically modulated space- o[ Ne =N '] Tnilth!Ni
charge layer at a Si-Sinterface was developed in terms of Equations(A2) and(A3) lead to the physically expected rate
the density of intraband-gap interface charges, both res'dU@quationT-‘1:Tt‘l+r-‘1. Equationg/Al), (A2), and(23) can
(backgrounyl and harmonically modulated, as a result of azso be combined to yield
free photoexcited minority carrier density wa{@DW). The

theory was incorporated into a quantitative analysis of the 1 - iz (%)Sl (A4)
PCR signal which was found to involve the dc, fundamental, T Uth ] \ Opj I

and all higher harmonics of the excitation frequency as a , . .
result of the modulation of the curvature of the energy bands‘{"_here.(l) denote; all the available Surfa(:mterfgcé trap-
The dependence of the interface charge dergityand fun-  PiNg sites that will affect the value of the surfa@sterface

damental componentson the intensity of the excitation llfétime. Assuming a single rate-limiting carrier trapping
source(lase) and on the transport properties of the CDW state,I_Et, conS|§tentIy with the as;umptlons of the thgory, the
was derived and led to the formulation of the PCR Sigm;uf'ollo.W|ng relationship can be written between the'lnterface
dependence on the SCL width under optical modulation. Ififétime 7;=7s and the single component of the interface
conclusion, the presented combined ac/dc laser source PGRCOMbiInation velocitys,:
theory offers a method for quantitative monitoring of the 1 —i<D”t(l_f))Sl (AS)

optical flattening of the energy bands at the interface of a — ~

Ts  Uth Ont

semiconductor under depletion or inversion conditions.
Here f=f(E,) stands for the occupation probability of a
charge state at the Si—Si@nterface. Forp-Si, typical values
of the diffusion constants in Eg.(A5) are vy,
=(3kgT/m,)12=2.257x 10’ cm/s (Ref. 4; Sec. 5.4)8 oy,

| wish to gratefully acknowledge the Alexander von =5 107 cn.? The value ofD,(1-f) depends on the de-
Humboldt Foundation for a Research Award which made thigails of the space-charge state energy distribution and cannot
work possible. | also wish to thank Professor Josef Pelzl foP€ calculated from first principles. An adequate approxima-

the hospitality of his Laboratory during the course of thistion for modeling purposes can be obtained in the range of
research. low S; values, in which case,=~(L/2S;) wherelL is the

thickness of the semiconductor. This approximation is valid

to within 4% for S;<D,/4L.%® When combined with Eq.

(A5), it yields an empirical figure of merit for the hopping

charge diffusion coefficient at the interfacd,(1-f)

~ (20! L) =(2.257x 10°5/L) cn?/s. If more than one in-

terface trapping processes are competing for carriers, com-
The definition[Eq. (23)] of the recombination lifetime in  bining Eqs.(23) and(A4) gives an expression for the effec-

terms of semiconductor-oxide interface diffusion rag  tive (mean hopping diffusion coefficient,

and D, describes the hopping occupation of positively N, - NtO(r) N;

charged(D,;) and noncharged or defet®,;) states. A con- Ds=Dp NN 1N + Dm[m] (A6)

nection can be made to the Shockley—Reed definition of sur- t o ! t o !

face recombination velocifi, when properly adapted to the Considering the effective recombination rate which is equal
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APPENDIX: DETERMINATION OF S;, Ds, AND Dger
AT A SEMICONDUCTOR-OXIDE INTERFACE
WITH A CHARGED INTERFACE-STATE DENSITY

present configuration. Let to the sum of the interface and bulk recombination rites
0 one may write,
S = T Ne = Nyg 1+ onivinN; = Sy + Sy, (A1) 11 1
e (A7)

where o, and o, are the capture cross sectiofsn 2) for
electrons at charged statidsand noncharged or defect states . ] S o
N;, respectivelyoy, is the thermal velocity on the interface Here. 7er is the effective recombination lifetimes is given
plane. Therefore, the interface recombination lifetime can b&Y Ed:(AS), andg is the bulk recombination lifetime. Using

Tetf "B Ts

defined as the definitions of the respective diffusion lengths we find
from Eqgs.(A5)—(A7) that the effective carrier diffusivity can
1 D Dy i be expressed as,
_:<_m>slt+(¢>sli5%+%- (A2) ,
T\ Onth Onilth dd . | Leg"(1-1)S;
Deff = Dn + Dnt- (A8)
UthOnt

whered; and d; are electron hopping diffusion coefficients

(cm). They can be interpreted as probabilities for a hopping=or small values ofS, and D,, values in the range of

surface carrier to reach a trap distanger d; away fromits 1075 cn?/s, the second term on the right can be neglected in
current location, respectively. Now defining interface carriermost cases, so thmeﬁz[)n*_

lifetimes » and 7 before trapping, asr=d,/S; and 7,
=d;/S;;, we obtain A. Mandelis, J. Batista, and D. Shaughnessy, Phys. Re67B205208
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