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I
n the past decade, zero- and one-dimen-
sional semiconductor nanomaterials and
heterostructures (quantum dots, nano-

wires, or nanobelts) have attracted tremen-
dous attention due to their unprecedented
properties derived from their quantum size in
at least one dimension or strong anisotropy
(e.g., antenna effect in 1D cases).1�3 When the
physical dimension of nanomaterials (for in-
stance, diameter of quantum dots or nano-
wires and thickness of nanobelts) becomes
comparable to or smaller than the character-
istic lengths of elemental excitations, such as
themean free path of electron or phonon and
the Bohr radius of exciton, at finite tempera-
ture, a quantum confinement effect is antici-
pated, giving rise to the blue shift of the band
gap in terms of electronic states4 and the red
shift of confined phonon states.3,5 One parti-
cular exciting achievement in direct band gap
semiconductor quantum dots and nanowires
is the tunable emission based on quantum
confinement.6�9 It is generally believed that
the bulk exciton Bohr radius (aB) is the approx-
imatedimension for theonset of thequantum
confinement effect.2 However, the blue shift
of the band gap versus size parameter has also
been observed in CdS10 and WSe2 slabs,11

CdSe12 and InPnanowires,13 ZnOnanowires,14

and nanopencils15 beyond the quantum con-
finement regime, i.e., when the size parameter
is larger than aB. For instance, Buhro et al.
investigated the transition from 3D to 2D
confinement in CdSe nanorods and found
that the minimum length of the nanorods
exhibiting 2D confinement is as large as
30 nm, 6 times larger than aB (∼5 nm).4 The
blue shift of the photoluminescence (PL) peak
compared to their bulk counterpart was also
found in InP nanowires with a diameter of
50 nm (aB ≈ 19 nm).13 Although surface
emission14 and theBurstein�Moss (BM) effect
havebeenproposed toexplain theanomalous
blue shift of the emission spectra of nano-
wires and nanobelts with a size far beyond
the quantum confinement regime,12,15 the

underlying physicalmechanism is still notwell
understood, and further investigations are
demanded.
One-dimensional nanowires and nano-

belts have attracted a great deal of interest
owing to their potential applications in
lasers,16,17 waveguides,18,19 LEDs,20,21 and
photodetectors22�25 and their interesting
fundamental physical properties.26�29 CdS
is a direct wide band gap (2.54 eV) com-
pound semiconductor with an exciton bind-
ing energy30 of 28meV and a aB of 3.2 nm.10
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ABSTRACT

We investigate the surface depletion induced quantum confinement in CdS nanobelts beyond the

quantum confinement regime, where the thickness is much larger than the bulk exciton Bohr

radius. From room temperature to 77 K, the emission energy of free exciton A scales linearly versus

1/L2 when the thickness L is less than 100 nm, while a deviation occurs for those belts thicker than

100 nm due to the reabsorption effect. The 1/L2 dependence can be explained by the surface

depletion induced quantum confinement, which modifies the confinement potential leading to a

quasi-square potential well smaller than the geometric thickness of nanobelts, giving rise to the

confinement effect to exciton emission beyond the quantum confinement regime. The surface

depletion is sensitive to carrier concentration and surface states. As the temperature decreases, the

decrease of the electrostatic potential drop in the surface depletion region leads to a weaker

confinement due to the decrease of carrier concentration. With a layer of polymethyl methacrylate

(PMMA) passivation, PL spectra exhibit pronounced red shifts due to the decrease of the surface

states at room temperature. No shift is found at 10 K both with or without PMMA passivation,

suggesting a much weaker depletion field due to the freezing-out of donors.

KEYWORDS: CdS nanobelts . quantum confinement . surface depletion .
photoluminescence . surface passivation . reabsorption
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CdS nanowires and nanobelts have been demon-
strated to have potential applications in nano-opto-
electronic devices,31,32 such as visible range photo-
detection,24,33,7 electro-absorption modulators,34,35

and laser devices.16 In terms of nano-optoelectronic
applications, a profound understanding of the influ-
ence of nanoscale size on the emission properties
beyond the quantum confinement regime is essential
for the device optimization and integration.
In this report, we have investigated how the PL peaks

evolve with the thickness of the CdS nanobelts beyond
the quantum confinement region and elucidate the
physical mechanism using temperature- and power-
dependent PL spectroscopy supported by photoconduc-
tivity measurements. At 77 K and above, the PL peaks
show a systematic blue shift as the thickness of the
nanobelt decreases. The emission peak energy versus
the thickness can be well fitted with an inverse
square function. Below 77 K, no apparent shift of
the emission peaks is present. The thickness depen-
dence of emission energy beyond the quantum
confinement regime is explained by the surface
depletion induced quantum confinement. Finally, PL
measurements of the CdS nanobelts covered with a
layer of polymethyl methacrylate (PMMA) have been
conducted to verify the surface depletion induced
quantum confinement.

RESULTS AND DISCUSSION

A typical atomic force microscopy (AFM, Veeco
Instrument, Nanoscope III) image for a 31 nm nanobelt
is shown in Figure 1a. The nanobelt is observed to
exhibit uniform thickness and width. The typical PL
spectra of 31 and 230 nmnanobelts at 5 K are shown in
Figure 1b. The absence of surface state related emis-
sion and rich distinct exciton emission-related features
indicate the high crystalline quality of our samples.
According to the PL spectrum of the ensemble CdS
nanobelts,36,37 the emission peaks can be assigned
as labeled in Figure 1b. Due to the crystal field and
spin�orbit interactions, the valence band splits into

three bands. The corresponding excitons are labeled as
free exciton A (FXA), free exciton B (FXB), and free
exciton C (FXC) with characteristic energies of 2.550,
2.568, and 2.629 eV, respectively.38 Therefore, the
peaks at 2.568 and 2.552 eV can be assigned as FXB
and FXA. Other peaks can be assigned to neutral donor
bound exciton emission (I2), neutral acceptor bound
exciton emission (I1), first-order phonon replica of I2
and I1, hole bound to donor emission (D-h), donor�
acceptor pair emission (DAP), and phonon replica of
DAP, respectively, as we previously discussed involving
cadmium and sulfur vacancies.36

The FXA and FXB peaks can be clearly distinguished in
the 31 nm belt, while they are smeared into one broad
peak in the 230 nm belt. This smearing in the 230 nm
nanobelt is probably due to the presence of reabsorption
in the thick belts. When the thickness of the nanobelts is
larger than half of the wavelength of the emitted light in
the nanobelts, the emitted light could be trapped inside
the belt due to the internal reflection and be absorbed
again. For CdS, the wavelength of the emitted light in the
nanobeltswill be∼200nmat roomtemperature ifwe take
the emission peak as 500 nm and the refractive index as
2.5 at 500nm.30 The reabsorptionwould lead to a red shift,
a broadening of the emission peak, and a long tail at
the longer wavelength side at higher temperatures.19,39,40

As the temperature decreases, the narrowing of the
thermal broadening gradually diminishes the red shift.39

However, the reabsorption can still give rise to peak
broadening at 5 K, whichmakes the free exciton emission
peaks unresolvable in the 230 nm belt (Figure 1b).
The reabsorption effect in the 230 nm belt is further

demonstrated by the line shape of the room-tempera-
ture PL spectra, as shown in Figure 1c. In order to
compare the line shape between these two spectra,
the spectrum of the 230 nm nanobelt has been shifted
horizontally toward the higher energy side by 40 meV,
shown as a dotted curve in Figure 1c. In contrast to the
symmetric line shape of the PL spectrum of the 31 nm
nanobelt, the asymmetric line shape of the PL spec-
trum of the 230 nm nanobelt with a long tail at the

Figure 1. (a) AFM image: the top frame is the topography image, while the bottom frame is the section profile along the red
lines shown in the topography image. The nanobelt shown here is 31 nm thick, and the thicker stripe at the right side is the
Ti/Au electrode used for photoconductivity measurements. The PL spectra of a 31 nm and a 230 nm CdS nanobelt at 5 K
(b) and 294K (c). The peak assignments are labeled in (b). In (c), the spectrumof the 230 nmbelt is shifted to the higher energy
side by 40 meV, shown as the dotted red line in order to compare the line shape.
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longer wavelength side confirms the presence of the
reabsorption.
The thickness (L)-dependent PL spectra at 294, 240,

and 180 K are shown in Figure 2a�c. As the thickness
decreases, the emission peak continuously blue shifts
and the line shape of the emission peak gradually
evolves from asymmetric with a long tail at the lower
energy side to symmetric at a thickness less than
100 nm. At 77 K, for the belts with a thickness larger
than 60 nm, only one broad peak can be resolved,
which shows a slight blue shift as the thickness de-
creases, as shown in Figure 2d. Strikingly, two distinct
peaks appear in the thinner belts, as shown noticeably
for thicknesses of 50, 40, and 31 nmat 77 K. A negligible
shift of those two distinct peaks is observed for L less
than 60 nm (Figure 2e). When the samples are
further cooled to 5 K, no peak shift of the corresponding
excitons among the different thickness belts is exhibited,

as shown in Figure 2f. The free exciton and bound
exciton emission peaks show a narrow line shape in the
thin belts. As a result, these peaks are well separated
from each other. However, due to the large line width
of those peaks in the thicker belts, they are smeared
into a broad peak (e.g., 80 and 230 nm).
On thebasisof theVoigt functionfitting, theenergiesof

FXAandFXBemissionpeaks canbeextracted. The energy
of the FXA emission peak is plotted versus 1/L2 at various
temperatures in Figure 3a. The following information can
beextracted fromFigure3a: (1) at 77Kandabove, theFXA
emission peak scales linearlywith 1/L2 up to a thickness of
100 nm. The intercept at the vertical axis corresponds to
the FXA emission energy in the bulk (i.e., when L ap-
proaches infinity).Wecandefineaquantity of energy shift
ΔE= E(L)� E(Lf¥).When the thickness is 31nm,we can
obtain amaximumenergy shiftΔE of 38meV at 294 K, 24
meV at 240 K, 18 meV at 180 K, and 8 meV at 77 K,
respectively. The FXA emission is no longer dependent on
thickness at 5 K. (2) When the thickness L is more than
100 nm, the energy shift ΔE deviates from a linear
dependence on 1/L2. The deviation becomes smaller
and smaller as the temperature decreases and completely
disappears at 5 K. (3) At 77 K, the FXA emission peak also
exhibits linearly shifting with 1/L2 for the thickness L

ranging from60 to 100 nm, but no shift is observedwhen
L is less than 60 nm. Themaximum energy shift is around
8 meV, much smaller than that obtained at 294 K.
The extracted FXA energy in the bulk, E(L f ¥),

versus temperature is plotted in Figure 3b. The energy
of the FXA emission peak shows a red shift as the
temperature increases due to the enhanced electron�
phonon interaction and the lattice expansion. The
energy of FXA as a function of temperature can be
described by the empirical Varshni equation:37 E(T) =
E(0) � RT2/(T þ β), where E(0) is the energy of FXA at
0 K and R and β are constants related to the certain
materials. Our result can be well fitted by the Varshni
equation, with fitting parameters E(0) = 2.550( 0.002 eV,
R = 0.38 ( 0.04 meV K�1, and β = 43 ( 30 K, in good
agreement with the previous reports.37,38

Figure 2. PL spectra of belts with various thickness at 294K
(a), 240 K (b), 180 K (c), 77 K (d), and 5 K (f). (e) PL spectra of
nanobelts with a thickness less than 60 nm at 77 K. All
spectra are offset vertically for clarity.

Figure 3. (a) Photon energy of FXA emission versus the thickness of nanobelts at various temperatures. (b) Extrapolating the
linearfitting of (a) to infinite thickness, the energy of FXA in the bulk can be extracted. The extrapolatedphoton energy of FXA
is plotted against temperature. The dots represent the extrapolated data, and the solid line is the Varshni fitting.
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The deviation from the linear 1/L2 dependence of
FXA emission energy for those belts with a thickness
more than 100 nm can be ascribed to the reabsorption
as mentioned previously. The reabsorption leads to a
red shift of the emission peak. Because the thermal
broadening is reduced as the temperature decreases,
the deviation becomes smaller and smaller and com-
pletely disappears at 5 K.39

The blue shift of the PL emission peaks has been
observed both in the quantum confinement regime
(l ≈ aB, where l is the characteristic length in the
confinement direction) and beyond the quantum con-
finement regime (l . aB). In the strong quantum
confinement regime (l< aB), the quantum confinement
originates from the geometric confinements of elec-
trons and holes as independent particles.41 The small
geometric size l deforms the wave functions of elec-
trons and holes, leading to an increase of the band gap
and the exciton binding energy.2 The particle-in-a-box
model has been used most frequently to describe
the confinement effect: ΔE = p2π2/2ml2, where p is
the Planck constant and μ = memh/(me þ mh) is the
reduced mass of electron and hole.me andmh are the
effective mass of the electron and hole, respectively.
Experimental reports in the strong confinement re-
gime have proved the linear 1/l2 dependence of the
band gap shift proposed by the particle-in-a-box
model.9 Deviation from linear 1/l2 dependence has
also been observed. For instance, the band gap energy
scales linearly versus 1/l1.36 in CdSe nanowires4 and
1/l1.46 in InP nanowires.42 In the weak confinement
region (l > aB), the confinements on electrons and
holes are small and the Coulomb interaction is domi-
nant. As a consequence, there occurs a size quantiza-
tion of the motion of the exciton in the confinement
dimensions.41 By applying the particle-in-a-box model,
the shift of band gap energy follows the linear 1/l2 as
well, but with a different energy shift (ΔE = p2π2/2Ml2,
where M = me þ mh is the mass of the exciton). The
peak shift of exciton emission caused by the quantiza-
tion of the motion of the exciton has been observed in

CdS slabs.10 Beyond the quantum confinement regime
(l. aB), the band gap energy also shows an anomalous
blue shift as the size decreases. Recently, Yu et al.12

reported that the blue shift of the emission peak
exhibits 1/l2/3 dependence in the CdSe nanowires with
diameters ranging from 50 to 700 nm. They attributed
this blue shift to the BM effect due to high carrier
concentration induced by surface vacancies and laser
excitation.
Our results can be explained by neither exciton

confinement nor BM effect. Taking a 31 nm belt at
294 K as an example to do a rough estimation, using
me=0.2m0 andmh=1.35m0 (m0 is themassof electron),43

the energy shift ΔE is 2.23 meV for the confinement of
the electron and hole and 0.25 meV for the confine-
ment of the exciton, while our experimental energy
shift of the 31 nm belt is 38 meV, much larger than
either of the calculated values. In addition, the tem-
perature dependence of the energy shiftΔE cannot be
explained by the particle-in-a-box model, unless the
confinement length l is able to change with the
temperature because the effective masses of both
electron and hole are insensitive to the temperature,
supported by parabolic band approximation.
Furthermore, the BM effect induced by laser excita-

tion is not applicable to our experimental results. The
BM effect is an important phenomenon in degenerate
semiconductors,which causes theblue shift of theoptical
gap in the absorption and photoluminescence spectra.44

Taking an n-type degenerate semiconductor as an
example, the Fermi level is positioned inside the con-
duction band due to the filling of the conduction band
by electrons. As such, the absorption can be contrib-
uted only by the optical transition between the valence
band and the unoccupied conduction band above
the Fermi level, which gives rise to the apparent in-
creasing of the optical gap. Therefore, the BM shift
would increase with the excitation power, as a higher
excitation power increases electron concentration.
The excitation power-dependent PL spectra of a 40 nm
CdS belt at 77 K are given in Figure 4a. The two

Figure 4. (a) Power dependence of PL spectra of a 40 nm belt at 77 K excited by a 457 nm laser. The vertical dot lines indicate
the positions of FXA and FXB emission. The broad peak at the longer wavelength side is DAP emission. The spectra are
vertically offset for clarity. (b) Photoconductivity gain spectra of 50, 65, and 230 nm CdS nanobelts at 77 K.
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vertical dashed lines indicate the positions of FXA and
FXB emission, and the broad band at the longer wave-
length side is the DAP emission. With the increase of
the excitation power, the DAP emission saturates, sug-
gesting that the cadmium vacancy levels become fully
populated.36 However, no noticeable shifts of FXA and
FXB emission peaks are observed by varying the excita-
tion power from 16 μWto 1mW,which suggests that the
carrier concentration is not high enough to give rise to
the BM effect at those excitation powers. The excitation
power used in Figure 2 falls into this range. In addtion, as
the thickness decreases, the blue shift of the exciton
peaks has also been observed in the photoconductiv-
ity spectra of individual CdS nanobelt devices both
at room temperature34 and at 77 K, as shown in
Figure 4b. Detailed information about the photocon-
ductivity measurements can be found elsewhere.34

The photon excitation in photoconductivity measure-
ments is provided by a tungsten halogen lamp, whose
intensity magnitude is 5 orders smaller than the laser
power intensity used here for PL studies. This is
additional strong evidence that the BM effect cannot
explain the thickness dependence of the anomalous
blue shift in our samples.
The linear 1/L2 dependence of the FXA emission

energy in CdS nanobelts can be ascribed to the surface
depletion induced quantum confinement effect. The
surface depletion induced quantum confinement can
occur only in the thickness direction because of the
much larger size in the width and length direction. The
breaking of the translational symmetry of the crystal
potential at the semiconductor surface leads to the
formation of the surface states within the gap near the
surface.45 The distribution of the surface states forms a
continuum within the band gap. A neutral level φ0 is
introduced to characterize this continuum, as shown in
Figure 5. When the surface states are occupied up to
the neutral level φ0, the surface is electrically neutral. At
thermodynamic equilibrium, electrons flow to the sur-
face of an n-type semiconductor, thereby creating a
layer of negative surface charge, which produces two
depletion layers near both surfaces of the nanobelts, as
shown in Figure 5a�c. The existence of the depletion
regions effectively generates a modified potential well
that confines carriers into a region smaller than the
geometrical size of the structure, e.g., thickness of the
nanobelt.46�48 The as-grown CdS nanobelts synthe-
sized by the physical vapor transport method are
usually n-type due to the sulfur vacancies.24 According
to a previous report,49 the surface neutral level φ0
lies 0.46 eV below the conduction band, which is
much larger than the thermal energy (5�294 K). There-
fore, it is reasonable for us to assume that the surface
neutral level stays constant with the variation of the
temperature.
The width of the depletion region d is related to the

electrostatic potential drop Vd in the depletion region

and the electron concentration Nd by the expression
45

d ¼
ffiffiffiffiffiffiffiffiffiffi
2εVd
eNd

r
(1)

where ε is the dielectric constant, which is 8.87 for
CdS,43 and e is the elementary charge. The electrostatic
potential drop Vd is the difference between the neutral
level φ0 at the surface and the Fermi level (EF) inside the
bulk. The Fermi level EF will be lowered and the
electron concentration Nd would also be decreased
as the temperature T decreases.50 Therefore, the width
of the depletion region d is also a function of the
temperature T. On the other hand, according to the
charge neutrality, the depletion region d should in-
crease due to the reduction of the electron concentra-
tion Nd at low tempertuare.
For an n-type semiconductor neglecting the acceptor

concentration, the electron concentration is given by51

Nd ¼
ffiffiffiffiffiffiffiffiffiffiffi
NDNC

2

r
exp �EC � ED

2kBT

� �
(2)

where ND is the donor concentration, NC is the effective
density of states in the conduction band, ED is the donor
energy level, and kB is Boltzmann's constant. The effective
density of states in the conduction band NC is around
2.28� 1018 cm�3 at 300K,51 andEC� ED is around35meV
for CdS.36

We assume that the confinement potential is a finite
square potential well with a depth of Vd(T) and a width

Figure 5. Schematic diagrams of the energy band of CdS
nanobelts at a temperature T0 (a), at a lower temperature T1
(b), and after surface passivation at T0 (c). Ec and Ev represent
the conduction band and the valence band, respectively. EF
is the Fermi level, and φ0 is the neutral level. Vd is the
electrostatic potential drop due to the surface depletion. (d)
Graphical solutions of the finite square potential well. V1
and V2 are the height of the potential well. The eigenenergy
is proportional to k2.
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of L � 2deff(T). It should be noted that the effective
width of the depletion region deff(T) differs from the
real width of the depletion region d but is somewhat
related to d due to the finite square potential well
approximation. This assumption is reasonable at tem-
peratures higher than around 100 K, because the
donors are nearly completely ionized, contributing to
a high electron concentration,51 which leads to the
relatively narrow depletion region with a steep falling
edge inside the structures (Figure 5a). For tempera-
tures lower than around 100 K, part of the donors start
to be frozen out, as predicted by expression 2. As a
result, the electron concentration is greatly reduced,
leading to the large depletion region and a gradual
falling edge inside the structure (Figure 5b). The po-
tential profile gradually changes approximately from
a finite square potential well at high temperature
(T>100K) to aparabolic potentialwell at low temperature
(T < 100 K).52 In a finite square potential well, no analytic
solutions can be obtained. However, the graphical solu-
tions can be obtained as shown in Figure 5d. The confine-
ment eigenenergy is proportional to k2,which is a function
of both thedepthVd(T) andwidth (L� 2deff(T)) of thewell.
In detail, the confinement energy is linear in γ2/[L �
2deff(T)]

2, where γ is the analytical solution shown in
Figure 5d. γ is a positive number always smaller than unity
and is a function of Vd(T), as given in Figure 5d.53

At a certain temperature, deff(T) and γ are approxi-
mately the same for all nanobelts. Therefore, the
energy shifts of PL peaks show 1/L2 dependence.
Varying the temperature will change deff(T) and γ,
leading to a different energy shift ΔE. As the tempera-
ture is lowered, the electron concentration in the
conduction band decreases, resulting in an increase
of the depletion region width based on the charge
neutrality (Figure 5b). However, the electrostatic po-
tential drop Vd also decreases as the temperature
decreases (Figure 5b). The decrease of the electrostatic
potential drop would lead to a smaller γ, which further
results in a smaller confinement energy, as shown in
Figure 5d. As a consequence, the confinement be-
comes weaker, leading to the small energy shift ΔE at
low temperature. Further cooling the samples to 5 K,
most donors are frozen out. The electron concentration
is so low that the depletion electric field is too weak to
generate any confinement. As a result, no energy shift
is observed for both FXA and FXB emission peaks
(Figures 2f and 3a).
At 77 K, no energy shift for those belts with a

thickness less than 60 nm (Figure 2e) indicates that
those nanobelts have been completely depleted,
which further suggests that the width of the depletion
region d is around 30 nm at 77 K. Because the
maximum energy shift ΔE is 8 meV, we can assume
the electrostatic potential drop Vd is 8 mV. Substituting
d and Vd into expression 1, electron concentration
Nd can be estimated as ∼8.72 � 1015 cm�3. Applying

Nd = 8.72� 1015 cm�3 at 77 K to expression 2, the donor
concentration ND = 8.36 � 1016 cm�3 is obtained. This
donor concentration is much lower than the critical
electron concentration for BM effect to occur, which is
around 2.1 � 1018 cm�3 for CdS according to the
literature.54 Therefore, quantitatively the BMeffect cannot
explain our experimental results either.
The surface depletion induced quantum confine-

ment effect can be further examined by the surface
passivation, which can greatly reduce the surface
states. The reduction of the surface states leads to
the narrowing of the depletion region d and the
elevation of the neutral level φ0 (Figure 5c).55 The
elevated neutral level φ0 would further cause the
reduction of the electrostatic potential drop Vd, as
shown in Figure 5c. Both the narrowing of the deple-
tion region and the reduction of the electrostatic
potential drop would lead to the loss of the confine-
ment strength at higher temperatures. Because the
confinement energy follows the inverse square of the
width of the confinement potential well, the reduction
of the surface states exerts a much larger influence in
the thin belts than that in the thick ones. At lower
temperature, the depletion electric field is so weak that
no confinement can be induced. The weak depletion
electric field only broadens the emission peaks. The
reduction of the depletion electric field leads to the
decrease of the peak broadening (electric field
broadening), which would give rise to the pronounced
free exciton emission peaks after surface passivation.
The PL spectra of the belts covered with a layer of

PMMA are shown in Figure 6. The emission peaks show
red shifts after being passivated by a layer of PMMA at
room temperature (Figure 6a and c). Compared with
the 70 nm belt (Figure 6c), the red shift of the emission
peaks is much larger in the 31 nm belt (Figure 6a),
which demonstrates the loss of the confinement

Figure 6. PL spectra of a 31 nm and a 70 nm belt with and
without a layer of PMMAat 10K (b andd) and294K (a and c).
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strength after surface passivation, exactly as discussed
previously. At 10 K, the free exciton emission is greatly
enhanced for both the 31 nm and the 70 nm belts, as
given in Figure 6b and d, suggesting the decrease of
the electrical field induced peak broadening.

CONCLUSION

In conclusion, we have experimentally observed
systematic blue shifts of the free exciton A emission
of CdS nanobelts scaling linearly versus the inverse
square of the belt thickness, which is much larger than
the bulk exciton Bohr radius. Such a quantum confine-
ment effect beyond the quantum confinement regime

is attributed to surface depletion, which modifies the
actual potential wells to be much smaller than the
geometric nanobelt thickness and strongly depends
on carrier concentration and surface states. This sur-
face depletion thickness is found to be∼30 nm at 77 K.
Surface depletion induced quantum confinement dis-
appears at temperatures lower than 77 K due to donor
freeze-out, while the surface passivation reduces sur-
face states, leading to a loss of the confinement
strength. The surface depletion induced quantum
confinement may be responsible for the quantum-
confined Stark effect34 and may find applications in
electro-absorption modulators and sensors.

METHODS
Nanobelt Synthesis. CdS nanobelts were synthesized in a

home-built vapor transport chemical vapor deposition system,
which is a very effective technique in growing one-dimensional
structures from various compounds.22,56,57 The detailed growth
conditions, morphology, and crystalline characterizations can
be found in our previous publications.36,37 The CdS nanobelts
are several micrometers in width, tens of micrometers in length,
and 30�200 nm in thickness. The as-grown CdS nanobelts were
dispersed into isopropyl alcohol solution and further deposited
on a 500 nmSiO2/Si substratewith prefabricatedmarkers for the
PL measurements on individual belts.

Photoluminescence Spectroscopy. The PL measurements of the
individual CdS nanobelts were carried out under a Micro-Raman
spectrometer (Horiba-JY T64000) in the backscattering configura-
tion58 excited by an Ar ion laser (457 nm) with a power intensity of
5 W/mm2 (corresponding power: 400 μW).34 A liquid helium
continuous flow cryostat (Cryo Industry of America, USA) was used
to provide a continuous temperature variation from 5 to 300 K. The
PMMAwas coveredon theCdSnanobelts by spin-coating followed
by a hard bake at 180 �C for 5 min.

Photoconductivity Spectroscopy. The PCmeasurements were per-
formed using a home-built photoconductivity setup by using a
two-probeFETconfiguration. TheTi/Au (60/50nm) electrodeswere
patterned by electron beam lithography followed by thermal
evaporation and a lift-off process. A quartz tungsten halogen lamp
(250W) was used as an excitation source,whichwas dispersedby a
monochromator (Horiba JY HR320) with an energy resolution of
3meV. Themonochromatic light beam output was collimated and
split into two beams: one was used to illuminate the devices
mounted on the cryostat coldfinger, while the other was directed
onto a pyroelectric detector (Newport, USA) to monitor the
intensity of the incident light, in order to normalize the photon
flux at differentwavelengths. The photocurrent of a FET device and
light intensity signalswerebothmeasuredby two lock-in amplifiers
(Stanford SR830) coupled with a mechanical chopper, which was
used to modulate the incident light and to provide the reference
signals to the lock-in amplifiers.
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