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Electrical manifestation of the quantum-confined Stark effect by quantum capacitance response
in an optically excited quantum well
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We have studied the capacitance-voltage characteristics of an optically excited wide quantum well. Both
self-consistent simulations and experimental results show the striking quantum contribution to the capacitance
near zero bhias which is ascribed to the swift decreasing of the overlap between the electron and hole wave
functions in the well as the longitudinal field goes up. This quantum capacitance feature is regarded as an
electrical manifestation of the quantum-confined Stark effect.
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It is well known that the capacitance characteristics ofThat is substantially different from the classical electric po-
low-dimensional semiconductor heterostructures are of subarization effect, where electrons and holes are regarded as
stantial importance both in fundamental research and in deslassically charged particles separately dwelling in certain
vice applications. On the one hand, capacitance measurépatial locations. On this account, the capacitance feature we
ments in such systems display various important physicaflescribe here is a type of quantum capacitance, and is actu-
phenomena that are related to the carrier confinentents;  ally an electrical manifestation of thguantum-confined
the other hand, capacitance knowledge also helps one to exfark effectwhich is usually detectable only by means of
ploit practical applications of semiconductor quantum struc2Ptical spectroscopie.g., photoluminescence, absorption,

tures like high-speed electronic and optoelectronic®" transmission specljr._a S P
devices11 The system under investigation is a symmetric-i-n

- g double-barrier structurddBS) grown by molecular beam ep-
The capacitance-voltageC{V) characteristics of low- . ! ¥

. . ; . itaxy on a(100-orientedn™-GaAs substrate. The layer se-
dimensional structures are in general strongly nonlinear, anéuence is as follows: a 24m GaAs buffer layer, Si doped to

show cear Ingeprts of Quaptm, confnement, e Sl 5. undope Gas spacer: 25 undopec
equantu pac AlAs barrier; a 63.5-nm undoped GaAs well; a 25-nm un-

conception of quantum capacitance was first introduced b}fioped AlAs barrier; a 50-nm undoped GaAs spacer: and a

Luryi for.describing the property of a twlg—dimensional Fermi 190.nm GaAs cap layer, Si doped tol4@m 3. The conduc-
system in a gated quantum welQW).™ Many other re-  ion pand-edge of the DBS is schematically profiled in Fig. 1
searchers investigated quantum capacitance in various quagy Employing a nontransparent thick barrier brings us two
tum Structures, IﬂCludIﬂg double-barrier resonant'tunnel|n%dvantages: first’ we can Op“ca”y inject a controlled number
structures; ™ superlattice structures, interband tunneling  of electrons and holes into the QW: second, it facilitates the
structures;’ quantum dots (QD’s),"™* and &-doped  analysis of our systethl® There is no doubt that the central
structures?® For gated structures like the gated QW proposedyell, as a whole, must keep neutrality because optical exci-
by Luryi, or QD's embedded in a metal-insulator- tation creates equal amounts of electrons and holes. Under
semiconductor field-effect transistor structure, the meaningiases, the negative charges Q.) stored in the accumulat

of the quantum capacitance can be inferred from its relion region(l) are well separated from the positive charges
evance to the characteristic density of stafgo dimen-  (Q,) in the depletion regiorilll) by a wide charge-neutral
sional or zero dimensional respectivelyn tunneling struc-
tures, the quantum contribution to the total capacitance is a
consequence of the variation of the wave function under dif-
ferent applied biases, and is more directly related to the na-
ture of the quantum size effect. However, it should be
pointed out that only the quantum nature of a single type of
carrier, usually electrons, has been concerned in the above-
mentioned structures.

In our present workC-V measurement under optical ex-
citation offers us the opportunity of observing a type of
guantum capacitance associated with both electron and hole
wave function features in a wide QW. As predicted by self-
consistent simulations, and then demonstrated by experimen-
tal results, a sharp capacitance peak grows near zero bias FIG. 1. (a) Schematic of the conduction-band edge of the DBS
with the photoexcitation, in response to a quick decreasing ofinder forward bias(b) Band-bending effect due to the displace-
the overlap between the electron and hole envelope functionaent of electron and hole wave functions in the QW under applied
as the applied bias goes up either positively or negativelyfield.

(a) (b)
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region (I), which makes the DBS behave like a capacitor m* ke T E.—E

. . : _ e "B fe ie 2
with one electrode represented by the accumulation region n(z)= >, >—In 1+ex;{—“|\lfie(z)| , (4
and the other by the depletion region. The capacitance can ie keT

then be defined in the for@=dQs/dV, whered Q; denotes
the difference of the stored charge associated with dc bias, - T is the absolute temperaturk, is Planck’s con-

induced by a small probe voltagky. - !
: : stant divided by 7r, E;, and¥,, are the eigenenergy and the
Cojgngéwen)? rzesge%fé;he total capacitance of the StruCturecorresponding envelop wave function of theth electron
P subband, and;,. is the quasi-Fermi-level determined by the

sheet density of the electrons in the QW. Similarly we have

wherem} is the effective electron maskg is Boltzmann’s

-1_pr~-1 -1 -1 -1
C =Gy +C T +Cy " +Cy (1) a hole density in the form
HereCg is the capacitance of a two-dimensional electron gas m* kT E _E
accumulating in the trianglelike potential well on the inci- D(Z):E "B n 1+exl{fh—ihﬂ|‘1’ih(2)|2, (5)
dent sideC, is simply a series of the insulating layer capaci- h wh? kgT

tances of the two barriers, as well as the spacer on the out-h i the h hol bbands h b taken int
going side.Cy is the capacitance of the depletion lay€y,, where only the heavy-hole subbands have been taken into

in which we are interested, represents the contribution fron"f‘(’tcoum' D|fferent|at|ng Eq2) with respgct Qs we ob-
the central QW. tain the reciprocal value of the capacitanCg ... in the

Under dark conditions, there is no free carrier accumulatlcorm

ing in the central well, so that it acts just as an insulator. cl ot ot (6)
Consequently, the dark capacitanGg, 44, Of the central wexe Zwdark  =Q

well is merely determined by its geometric capacitancewhere we define

When a laser excitation of proper wavelength and power is

continuously shined on the structure, a certain number of _,_d(év)
electrons and holes will be generated in the QW. We will C dQ,
only concentrate on the most typical and important case, . ) _ ) .
where the electron and hole relaxation rates are much Iargé'ncer is proportional to the’ external field applied on the
than the recombination rate. This places the electrons andW as determined by Gauss’s law, from E¢3)—(7) it is
holes inside the QW in quasiequilibrium states, respectivelycléar thatCq actually represents a quantum contribution to
At zero bias, the electrons and holes distribute symmetrically€ capacitance originating from the polarization of nonlocal
in the well, while this symmetry will be easily destroyed by electron and hole wave functions, and directly reflecting the
an external electric field perpendicular to the QW, for theduantum-confined Stark effect. _

reason that the electron and hole envelope wave functions !t Should be pointed out that a change in the voltage drop
are displaced in opposite directions toward their respectiv@cross the central weltegion 1)) by the optical excitation is
potential minima[see Fig. b)]. Owing to such a screening I turn going to cause a corresponding potential redistribu-

effect, upon excitation the potential drop across the centrdfon in the rest partél and Il) in order to maintain the total
well V,, oxc is lowered by an amount a8V with respect to dc bias constant. However, we can safely assume that the

)

V,, gar Under dark conditions: capacitance€,, C,;, or C4 remain unchanged, sinc®/ is
waar very small under typical excitation, especially near zero bias.
Vi exe= Vi dark— 0V ) Under the above assumption, if we u€g, and Cg,. to

denote the total capacitance of the DBS under dark and illu-

As the negative and positive charges overlap with each othépination conditions, respectively, from Ed4) and (6) we
in space, a classical treatment of the polarization of the diobtain that
electrics is no longer valid. Instead of the semiclassical _ _ _

; - 17 Cc;t —cil=cgat 8
theory employed in a previous work of Rosencheal.*" we dark” “~exc™ ~Q -
here have performed a full quantum analysis based on t
Hartree self-consistent mod®land 8V can be carried out by
directly integrating the Poisson equation,

Zn
5V=f dz

Zy

"8ne can explicitly extract the quantum component of the
capacitanceCq, from experimentally measurable quantities
Cdark and Cexc-

q , Based on Eqs(3)—(7), we have performed numerical

, N (o simulations of the quantum capacitance by solving the
€0€(2) Lodz [p(z)=n(zD)]}, ® Schalinger equation and the Poisson equation self-
consistently. The average sheet density of the two-
wheren(z) andp(z) denote the self-consistent electron anddimensional electron or hole gahl{;,) in the QW, which is
hole density in the well, respectively; is the elementary assumed not to vary with bias, was taken as a parameter in
charge;ey the vacuum permittivity; and(z) the position-  the simulation. Both Schibnger and Poisson equations were
dependent dielectric constant. The integral linigsandZ,,, solved with the finite-difference method. For convenience,
are taken sufficiently deep in the barriers where both electrothe DBS has been divided into three separate regions, with
and hole wave functions have vanished. The two-the middle planes of the barriers as the bounddses Fig.
dimensional electron density may be written as 1(a)]. The field continuity at each boundary between adjacent
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FIG. 2. Self-consistently simulated reciprocal quantum capaci- FIC- 3. Measure@o (V) =Caan(V) ~Coyd V) at a tempera-
tance vs voltage Qal_v) characteristic at 4.2 K. The average ture of 4.2 K upon lesapphlr_e laser excnatlo_ns)\mE 800 nm and
sheet density of electron or hole gds.() in the QW is assumed to P ~10 #W. Shown in the inset are experiment@l,V and
be 10° cm2. Shown in the inset are the FWHM and height of the CdarkV characteristics.
simulated reciprocal quantum capacitance peak as functions of the

) The measure€-V spectra with and without photoexcita-
sheet densitWNgp, .

tion are shown in the inset to of Fig. 3. In sharp contrast to
the result of Rosenchat al,'” where the photocapacitance
regions is ensured. For a given total chaf@g and corre- showed a dip near the zero bias, a capacitance peak instead
spondingly a given field taken as the boundary condition forgrows up with illumination around zero bias. By simply us-
the Poisson equation, iterations were performed individuallyng Eq. (8), we extracted the quantum component of the
in each region until the potential profile and charge densityeciprocal capacitance, and illustrated it in Fig. 3. The ex-
converged. Then the voltage across the whole structire perimental result of th@él-v characteristic agrees fairly
was obtained by simply adding up the potential drop acroswell with the theoretical one, except that the peak is some-
each region. The screened potential d&dpwas also evalu- What broadened.

ated from the obtained self-consistent charge density by us- However, there are still several remarks we should ad-
ing Eq. (3). Knowing the potential drop¥ and 8V for a set dress. One should be aware that a constant sheet c_iensny of
of mesh points of the total charg®s, the quantum capaci- €lectron or hole gasNep) in the QW, as assumed in the

tance as a function of applied voltage was finally derivegc@lculation, is actually not valid in the experiment, whgn t.he
from the derivative defined in Eq?) bias scans away from the zero voltage. The electric field

Shown in Fig. 2 is the calculated reciprocal quantum Ca_applied across the QW not on_Iy giv_es rise to a polarization of
pacitance vs volltage curvélgl V) for a fixedN,;, of 101° electron and hole wave functions in space, but also reduces
- eh

s ._the optical recombination rate. Since the photocarrier con-
cm © at a temperature of 4.2 K. The sharp peak at zero biagehiration is determined by the balance between the optical

features the simulation result, signaling a prominent Starkyeneration and electron-hole recombination, it should be in-
effect in a wide QW. In this case even relatively weak eleC-creasing with the bias. One has to check the possible influ-

tric fields can induce a strong deformation of the rectangulagce of a bias-dependent sheet denbity, on the 051—V
potential well. With increasing bias either positively or nega-c,rve. It follows from our simulations that a higher sheet
tively, the overlap between the electron and hole wave funcdensity results in a broader and stronger peak irﬂgé_v
tions is dramatically decreased, which cau§gs or Cyexc  curve, but does not destroy this quantum feature. For clarity,
to have a maximum under zero bias. With further increasingve have plotted the full width at half maximugFWHM)
bias, the relative shift of electron and hole wave functionsand height of thé:él peak as functions dfl,,, in the inset to
slows down and eventually saturates, aft?@l correspond-  Fig. 2. Judged from the experimental curve in Fig. 3, the
ingly declines to zero. corresponding carrier sheet density should not exceed 1.5
To experimentally examine the above prediction, the wa-x 10'° cm™~2 in a bias range where there is significant pho-
fer was processed into rectangular me&@s0x 350 wm?) toresponse. Whereas the increasé:@l, induced by such
using standard photolithography. The top contact was fabrian enhancement in the carrier concentration, is rather slight,
cated by evaporating and subsequently alloying Au/Ge/Nas verified theoreticallysee the inset to Fig.)2which coin-
onto the cap layer through a pattern with a square aperturgides well with the slightly broadened peak feature observed
(300 nm) left for illumination. The rear contact was formed in the experiment. Thus one has a good reason to believe that
by alloying In to then*-GaAs substrate. During the experi- the assumption of a fixed average sheet density in the theo-
ments, the sample was immersed in liquid helium. Th¥  retical simulation is still an efficient approximation in the
measurements were carried out on a Hewlett-Packard 4284present case. Second, by measuring the bias dependence of
LCR meter with a modulation frequency of 1 MHz and anthe photoluminescencéL) intensity |5, of the QW, we
amplitude of 10 mV. A Ti-sapphire laser with a wavelengthfound a much broadened peak in thg -V curve with a
of 800 nm and a weak power of10 uW was used for FWHM of 400 mV in comparison to the 80-mV FWHM of
excitation. the reciprocal photo capacitance peak. Accordingly we are
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convinced that the quantum capacitance observed here in the In conclusion, we have investigated the capacitance char-
photo capacitance vs voltage curve in a sense more tru;gcteristics associated with the optically excited electron and
reflects the quantum-confined Stark effects. Finally, the po ole gas in a wide QW. A unique capacitance peak grows up
sible accumulation of photon-generated holes at the interfacg!th illumination around zero bias, in direct response to the

. . spatial displacement of electron and hole wave functions
between the AlAs barrier and the GaAs spacer adjacent Qith the applied field, and has thus been considered as an

the depletion region has not been taken into account. As Ca8flectrical manifestation of the quantum-confined Stark effect.
be inferred from the experimental data, under our experimena comparison between the result of a selfconsistent simula-
tal conditions(weak illumination and small biasesuch an tion and that of experiment shows fairly good agreement,
effect is neglectable. If this is not the case, there shouldinambiguously verifying the above claim.

appear a significa_nt asymrr}e.try in_ the photocapacitance The authors wish to thank Xiaoguang Wu for stimulating
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