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Free Carrier Generation in Semiconductors Induced by Absorption of Subband-Gap Light
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The mechanisms of electron-hole pair generation in a semiconductor induced by absorption of a
subband-gap photon and mediated by a band-gap state are reviewed. The steady-state photocurrent
guantum vyield and the photocurrent response to harmonic modulation of the light intensity are
calculated for each mechanism. It is shown, with a nanoporous GaP photoanode as an example,
that the mechanisms can be distinguished by intensity-modulated photocurrent spectroscopy and that
characterization of the mediating band-gap states is possible. [S0031-9007(97)05033-3]

PACS numbers: 73.50.Gr, 73.20.-r, 73.40.Mr

The generation of free carriers in a semiconductingoe distinguished on the basis of the photocurrent response
crystal by direct or phonon assisted absorption of photondue to a harmonically modulated intensity of subband-gap
with energy larger than the band gap has been studidight. The potential of intensity-modulated photocurrent
extensively and interpreted on a fundamental basis [llspectroscopy, with subband-gap light, for the characteriza-
Less attention has been paid to absorption of photons dfon of band-gap states is illustrated with results obtained
energy considerably (at least sevek@) smaller than the with nanoporous GaP photoanodes. It is shown that, due
band gap. Absorption of subband-gap photons is stronglto the coupling of an optical and a thermal process in the
enhanced by the presence of localized electronic stategneration of a free electron and hole, the mediating band-
in the band gap. In (pure) single crystalline solids, thegap states can be probed with an energy resolution of the
absorption of subband-gap photons is therefore very wealrder of kxT. This is, in principle, a much higher reso-
Amorphous semiconductors have a considerable densitytion than can be achieved with methods based on the
of localized states with energy in the gap giving riseoptical generation of only one type of carrier.
to absorption of subband-gap photons. Crystalline nano- We consider a semiconductor which is deviced in such a
structured and nanoporous semiconductors and insulatovgy that there is a region (of widih) in which photogen-
exhibit a huge volume density of surface atoms [2].erated electron-hole pairs are effectively separated. Usu-
The optoelectric properties of such systems are stronglslly, this retrieval layer extends from the contact between
influenced by the interaction of photons with surface-the semiconductor and another phase (metal, electrolyte) to
localized electrons. For example, strong scattering and depthL in the semiconductor. The absorption depth of
absorption of subband-gap photons have been observedbband-gap light is much larger theywhich makes that
in such systems [3,4]. It is of fundamental interest tothe spatial dependence of the light intensityx) can be
understand the interaction of light with surface-localizedneglected®(x = 0) = ®&(x = L), further denoted a®].
electrons in a nanostructured system. In Figs. 1(a)—1(d), the mechanisms of electron-hole pair

Single subband-gap optical transitions in a semicongeneration induced by absorption of a subband-gap photon
ductor or insulator lead tone typeof free carrier (free are sketched. There are three different mechanisms 1(a),
holesor free electrons). Several techniques, such as opt(b), and 1(c) and a variation on mechanism 1(b), which
tical absorption spectroscopy, transient photoconductivityinvolves interfacial band-gap states only. The mechanisms
and surface photovoltage spectroscopy are used to exploage shown for am-type semiconductor. Itis assumed that
single subband-gap optical transitions to characterizéhe localized states are distributed in energy over the band
band-gap states localized in the bulk or at the surface ajap, the density of localized states is denoted(a3. In
the semiconductor [5—8]. In addition, it has been ob-mechanism 1(a), a valence band electron absorbs a pho-
served that with semiconductor devices showing diodéon of energykv and is promoted to an empty localized
characteristics, illumination with subband-gap light maystate at energig in the band gap. The rate of this process
result in a steady-state photocurrent [3,4,9—11]. This imper band-gap state & is given by the optical transition
plies that a subband-gap optical transition leads to a freprobability betweenE — hv and E times the density of
electronand hole. Hence, a subband-gap optical transi-valence band states At — hv times the light intensityb
tion, which generates a free carrier of one type, must bg]. The rate will further be denoted &$E — hv, E)D.
accompanied by another process (optical, thermal) whicfihe hole generated & — hv relaxes very fast to the top
leads to a free carrier of the other type. In this Letter,of the valence band. The electron in the band-gap state at
the main mechanisms of electron-hole pair generation inE can be thermally excited into a delocalized state at the
duced by subband-gap photon absorption are reviewedbottom of the conduction band with a raté, E..) equal to
The photocurrent quantum yield according to each mechg,N. exd(E — E.)/kgT], B. being the rate constant for
anism is calculated. It is shown that the mechanisms catihe capture of a conduction band electron in a band-gap
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(@) (b) df(E,t)/dt = k(E — hv,E)®(1)[1 — f(E,1)]
E N(E) E NG(E) — 8(E,E)f(E,1). (1)
Ee Eq The concentration of electrons in the conduction bamd,
i¢(E, Eo) K(E, E+hv) ® generated by mechanism 1(a) follows from
E.
k(E-hv, E) @ = [1e(Ey, B) dn(t)/dt = [ s(E)e(E,E.)f(E, 1) dE
v E,
\_\NV(E) — dju(t)/dx . )
N(E) N(E) In Eq. (2), the first term on the right-hand side is the
optical-thermal generation rate of electrons in the conduc-
(c) (d) tion band according to mechanism 1(a), ght) is the
E E flux of electrons in the retrieval region nearby the rec-
Nc(E) N(E) tifying contact. The steady-state subband-gap photocur-
E E rent density,i, corresponding to mechanism 1(a) is then
C| C| . b
k(E, E+hv) ® k(E, E+hv) ® given by
L E,
k(E-hv, E) ® &(E,E) i=e f dj, = L f s(E)e(E,E.)f(E)dE, (3)
EV EV 0 v
Ny(E) ENV(E) in which the electron occupation factof(E) under
steady-state conditions is given bW(E — hv,E)®/
N(E) N(E) [k(E — hv,E)® + &(E,E.)]. The subband-gap pho-

FIG. 1. (a)—(d) Mechanisms of electron-hole pair generatiorfocurrent quantum yield according to process 1(a) can be
induced by absorption of a subband-gap photon, mediated bwritten as

localized band-gap states. The vertical arrows indicate optical £

and thermal electron transitions, respectively. In (d), states are : _ I

filled due to interfacial electron transfer (horizontal arrow). ife® =L E, [i(E)/e®]dE , )

in which i(E)/e® is the contribution (in eV!cm™!) of

state andV, the effective density of states at the bottomIocalize d states in the band gap at enefggiven by

of the conduction band [12]. It will be assumed that theS(E) [K(E — hv.E) + s(E.E)/®] f(E)[1 — f(E)]. In

band-gap states are characterized by one vallg ofAsa . .
result%fE[)he two processes of mech;/nism 1(:? an electr |Hten5|ty—modulated phatocurrent spectrascopy (IMPS), a

at the bottom of the conduction band and a hole at the to zgtrhmgn:c(rzsllﬁe?:duljﬁg Egcitnmtzn:;ﬁ(?n% \ﬁmgg is
of the valence band is generated. If these processes occ I e 9 d yat)h back 9 d light int SIPI Th’
in the retrieval layer of the semiconductor, a steady-stat uperimposed on the background Ignt Intensity ' The
photocurrent due to absorption of subband-gap light can b. armonically varying photocurrent density resporite),

measured in the external circuit. In mechanism 1(b), al® measured in the external circuit. The optoelectrical ad-

electron from a localized state in the band gap at enErgy m&t::?irr‘](;?iéi %?Tﬁgr aﬁzw)/ teheq)c()wt)(.)ele\/\g :ncsalfbf:)danqgggr?ge
is optically excited into a conduction band stat&at hv. gyhv, b

) ' might be complex due to the limited rate by which the
The rate per band-gap state is denoted(@ £ + h»)®. ﬁecond charge carrier is (thermally) released after the op-

Thg empty state in the band gap can be filled by thermat|cal transition. The optoelectrical admittance according
excitation of an electron from the top of the valence band . .
to process 1(a) is calculated from Egs. (1) and (2):

with a rate denoted agE,, E) given by a formula similar .
to that fore(E, E.) [12]. In mechanism 1(c), an electron- . . .

hole pair is generated by consecutive absorption of two i(w)/e®(w) = L e [i(E)/e®]x(w,E)dE, (5)
in which the complex functiory (w, E) is given by

subband-gap photongates denoted a&(E — hv, E)®
andk(E,E + hv)®, respectively. Finally, mechanism S
1(d) may also contribute to the photocurrent. This mech-  y(w,E) = (E,E.)/[V—1w + k(E — hv,E)®
anism is mediated bynterfacial band-gap states only. + e(E.E.)] ©6)
Absorption of a photon by an electron in an interfacial el
band-gap state results in a free majority carrier (here att should be noted that the low frequency limit of
electron in am-type semiconductor) and an empty inter-[i(E)/e®]x(w, E) equals the derivativéi(E)/ed d.
facial state, which is filled by isoenergetic transfer [rate In the following, it will be assumed that the probability
e(E, E)] of an electron from the adjacent phase (metal orof the optical transition of a valence band electron at
electrolyte). E — hv to a band-gap state Btdoes not depend strongly
The electron occupation factor of the band-gap statesin E. The rate of optical filling of the band-gap states,
f(E,t), according to mechanism 1(a) is determined by k(E — hv, E) ®, will gradually decrease with increasing
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E, due to a decrease in the density of valence band statgsiantum yield and the optoelectrical admittance is pro-
with increasingE — hv towards the top of the valence portional to the producf(E)[1 — f(E)]. However, only
band. Since we exclude optical transitions between bander the cases 1(a) and 1(b), in which one of the charge
gap statesk(E — hv,E) is zero in the energy range carriers is thermally excited from a band-gap state to a de-
aboveE = E, + hv. The rates(E, E.) of the thermal localized statef(E)[1 — f(E)] may show a sharp maxi-
transition of an electron from a state at eneigyo the mum as a function oE. In the case of mechanism 1(c)
bottom of the conduction band increases exponentiallfconsecutive absorption of two photons), it is expected
with increasing E. Therefore, the functionf(E)[1 — thatf(E)[1 — f(E)] shows a relatively broad peak with
f(E)] shows a sharp peak around the energy at whicla maximum around midgap if the photon energy exceeds
it holds thatk[E — hv,E]® = «(E,E.). Atsufficiently half of the band-gap energy. Furthermore, it is clear that
high light intensities, the maximum ifi(E)[1 — f(E)] the four mechanisms can be distinguished on the basis of
is found close toE = E, + hv. It then follows that the optoelectrical admittance [sg€w, E)]. In the case of
the photocurrent quantum yield and the optoelectricamechanism 1(a), a semicircle in ttlRe = positive, Im=
admittance are dominated by states in a small energgegative quadrant is found, between half of the steady-
region (width4kgT) aroundE = E, + hv: state quantum yield at sufficiently low frequency and zero
at high frequency. In the case of mechanism 1(b), a semi-
i/ed =L (kgT)s(E=E, + hv)k(E,,E, + hv), (7) circle in the(Re = positive, Im= negative quadrant is
found, between half of the steady-state quantum yield at
i(w)/e®(w) =[i/e®] x(0,E = E, + hv). (8) Ifow frequency and the steady-state quantum yield at high
requency.
From Eqgs. (6)—(8), it follows that a plot of the optoelec- The potential of IMPS for investigation of the mecha-
trical admittance according to mechanism 1(a) in the comnism of free carrier generation induced by absorption of
plex plane is a semicircle in théRe = positive, Im=  subband-gap light will be illustrated with results obtained
negative quadrant. The low frequency limit is a value with nanoporous single crystalline-GaP photoanodes
on the real axis equal to half of the steady-state subbandband gap= 2.25 eV) illuminated with light from a He-
gap photocurrent quantum vyield. The high frequencyNe laser(zrv = 1.96 eV). It will also be shown that char-
limit is zero. The characteristic frequency,,, of the acterization of the mediating band-gap states is possible.
semicircle is given by2e(E = E, + hv,E.) equal to A single crystalline network, consisting of interconnected
2B,N.exd(E, — E. + hv)/kgT]. structural units in thel00 nm range, can be prepared
The results for the other mechanisms are summarizedn single crystalline-type GaP by anodic etching under
in Table | which displaysi(E)/e® for the steady state dielectric breakdown conditions [3]. It was shown that
and y(w, E) for the optoelectrical admittance which is electron-hole pairs, generated with supraband-gap light,
determined byi(E)/e® ]y (w, E). From the table, it fol- are separated with 100% efficiency in such a network
lows that for each mechanism, the contribution of band{3]. In addition, it was shown that nanoporous GaP pho-
gap states at energy to the steady-state photocurrent toanodes exhibit a reasonable steady-state photocurrent

TABLE I. The contributioni(E)/e® to the photocurrent quantum yield for states with a dendify) in the band gap, and the

complex functiony(w, E) determining the optoelectrical admittance, according to the main mechanisms of free carrier generation
with subband-gap light. In mechanism 1(d), the energy dependence of the isoenergetic trangfigt, EBtedepends strongly on

the nature of the process. No general predictions can be made for the energy dependd@¢lof- f(E)] in this case. The
photocurrent quantum yield corresponding to processes 1(a) and 1(b) should increase with increasing temperature, due to the fact
that one of the charge carriers is thermally released from a band-gap state into the conduction or valence band, respectively. This
is in contrast with the photocurrent quantum yield for mechanism 1(c).

Mechanism i(E)/e® X(w,E)
(a) S(E)[K(E — hv,E) + e(E,E.)/®] e(E,E.)
X fE)T = f(E)] V=1lw + k(E — hv,E)® + ¢(E,E,)
(b) S(E)[K(E,E + hv) + €(E,,E)/®] V-1w + ¢(E,,E)
X fE)T = f(E)] V=lo + k(E,E + hv)® + &(E,,E)
(© S(EY[K(E — hv,E) + k(E,E + hv)] 1
X f(E)[1 — f(E)]
(d) S(E)[K(E,E + hv) + &(E,E)/®] V=1 + ¢(E,E)
X fE)[1 = f(E)] V=lw + k(E,E + hv)® + &(E,E)
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FIG. 2. Complex plane plot of the optoelectrical admittance

with the modulation frequencw as a parameter. The mea-

surements were performed with a nanoporauSaP photoan- 0.0

ode (thickness is 5@m) in aqueous electrolyte, with intensity-

modulated He-Ne laser lighhy = 1.96 eV) at three different T T T T T —a

temperatures.(o) 275 K, (<) 303 K, and () 322 K. 3.1 3.2 3.3 34 3.5 3.6 37
1T (10°K™)

FIG. 3. Plot of the characteristic frequeney, of the semicir-
quantum vyield for1.96 eV subband-gap light (in the cle observed in the lower frequency region asdy/rads ') vs
1074-10"2 range), which increases proportional to thel/Z7- From the slope, an activation energy(o} eV is found.
thickness of the porous layer [4]. In Fig. 2, a typical
plot of the optoelectrical admittance in the complex plane
is given, with @ as a parameter. Two semicircles arestates. The frequency dispersion in the higher frequency
observed. The diameter of the semicircle in the lowerange reflects diffusive transport of photogenerated elec-
frequency range increases with temperature; the diamet&ions through the nanostructured GaP network [13,14].
of the higher frequency loop is independent of tempera-
ture. The two loops indicate that the subband-gap pho-
tocurrent is due to two phenomena. Since the semicirclell] J.I. Pankove, Optical Processes in Semiconductors
in the lower frequency region is found in thiRe = (Prentice-Hall, Inc., Englewood Cliffs, 1971). _
positive, Im= negativé quadrant and reflects a tempera- [2] If e assume that a nanostructured nanoporous semi-
ture dependent phenomenon, mechanism 1(a) must be conductor consists of closest-packed spheres of radius

. - . r, the volume density of surface atoms can be esti-
involved. This was further checked by plotting the char- mated from0.73 {[47r2]/[(4/3)m 3]} [10'5 cm™2]. For

acteristic frequency of the semicircle addn/s~") vs systems consisting of spheres with radius of 100, 10,
1/T (see Fig. 3). A linear relationship is found with an and 1 nm, the volume density of surface atoms is
activation energy of).3 eV = 0.05 eV. This value cor- then 0.5 10%° cm3, 0.5 102! cm™3, and0.5 10?2 cm3,
responds to the activation energy for thermal excitation  respectively. For comparison, the density of GaAs units
of an electron fromg, + 1.96 eV into the conduction in single crystalline GaAs is abowd? cm 3.
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