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The energy levels of semiconductor nanocrystals (NCs) are
among the key factors controlling the performance of solar
cells[1–6] and optoelectronics devices.[7–9] Therefore, an accu-
rate determination of the conduction band (CB) and valence
band (VB) of the NCs is important and a prerequisite in
rational design of the building blocks using the NCs. The
energy levels of the NCs are acquirable by X-ray absorp-
tion,[10] photoelectron,[11–14] or scanning tunneling spectrosco-
py.[15] Theoretical predictions on band structures of the NCs
have also been reported.[16–20] Recently, cyclic voltammetry
(CV)[21–23] has been employed to estimate the CB and VB
positions of the NCs. These techniques for determining the
energy levels of the NCs generally involve sophisticated
instruments and tedious sample preparation and/or compli-
cated operation procedures. For example, the CV method
requires that the samples are stable during the measurements.
Furthermore, these methods depend on charging the NCs
during the measurements, which may lead to a shift in their
CB and/or VB positions. Thus, determination of the energy
band positions of the NCs still remains a challenge.

Herein, we developed an approach to determine the
energy levels of the NCs by introduction of certain transition-
metal ions (dopants) into the NCs. It is well-known that the
energy level of a dopant is independent on size of the host
semiconductor.[24–29] If the energy level of the doped transition
metal ions located in the energy gap of the host semi-
conductor NCs, band-gap photoluminescence (PL) of the
NCs will usually be quenched.[24, 26, 29] Instead, a PL peak
associated with the doped metal ions (Doping PL) appears.
As shown in Scheme 1, bottom of the CB (or LUMO) of the
NCs can thus be determined based on the doping PL, given
the known position of the energy level of the dopant. The
band gap (or HOMO–LUMO energy gap) of the NCs can be
readily measured by using UV/Vis spectroscopy. Subse-
quently, the top of the VB (or HOMO) of the NCs is
deducible by subtracting the band gap (or HOMO–LUMO
energy gap) of the NCs from the energy level of the CB (or
LUMO) of the NCs (see Supporting Information for the

detailed procedure to calculate the energy levels of a typical
sample).

InP NCs and Cu doped InP NCs were used as a model
system for determination of the energy levels of the NCs. InP
NCs with various sizes and a relatively narrow size distribu-
tion[30] and Cu-doped InP NCs possessing an efficient doping
PL[26, 31,32] were synthesized according to reported methods
(see the Supporting Information for the detailed synthetic
procedures of all of the NCs concerned in this work, and
Figure S1 a for the absorption and doping PL spectra of the
as-prepared InP and Cu-doped InP NCs). Figure 1a shows the
variation in HOMO–LUMO energy gap of the InP NCs
calculated from the first exciton absorption peak with the size
of the NCs. Following the approach as shown in Scheme 1,

Scheme 1. Representation of the approach used to determine the
energy levels of semiconductor NCs. Green bands: the conduction
band (CB) and valence band (VB) of the NCs. Black lines: the bottom
of the conduction band (Bulk CB) and the top of the valence band of
the corresponding bulk semiconductor (Bulk VB). Red line: the energy
level of the dopant ions.

Figure 1. Variations in a) the HOMO–LUMO energy gap and b) energy
levels of the CB (*) and VB (*) of the InP NCs versus vacuum (Evac)
with their sizes.
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variation in energy levels of the CB and VB with the size of
the InP NCs were deduced (Figure 1b). The energy level of
the CB decreased from �2.48 to �3.25 eV and that of the VB
increased from �5.18 to �5.10 eV as the size of the NCs
increased from 1.4 to 4.5 nm; these values are in a good
agreement with theoretical values (Supporting Information,
Figure S1 b) calculated using the classic Brus�s equation,[34,35]

indicating the reasonability of this dopant approach.
Obviously, the determination of the doping PL peak

position and energy gap of the NCs is one of the crucial
factors in the current method. In this study, all of the PL
spectra were calibrated using a standard light source (Sup-
porting Information, Figure S2). Instead of the band edge, the
exciton band gap derived from the first exciton absorption
peak was used to determine the energy gap of the NCs as
mentioned above (Supporting Information, Figure S3 and
Table S1). Credibility of the energy levels of the InP NCs
determined by this method was inspected by the following
control experiments. After being mixed with 1,3,5-tris(N-
phenylbenzimidazol-2,yl)benzene (TPBI), the emission
intensity of 1.5 nm InP NCs decreased slightly, whereas that
of 3.2 nm InP NCs increased slightly, attributed to the
formation of type II and type I structures,[36] respectively,
between the two different-sized NCs with TPBI (Supporting
Information, Figure S4).

The energy level of the dopants depends on both the type
of the host semiconductors and the kind of the transition
metal ions used. For example, the energy levels of Cu and Ag
dopants vary dramatically with the type of the host semi-
conductors (Supporting Information, Table S2).[31–35,37–39]

According to Scheme 1, energy levels of the NCs can also
be determined by employing other transition-metal ions with
a dopant energy level located in the band gap. Ag-doped InP
quantum dots were synthesized and their UV-visible and
doping PL spectra absorption were recorded to determine the
energy levels of the InP NCs (Supporting Information,
Figure S5). The energy levels of the InP NCs with different
sizes determined by the Ag dopant were found to be the same
as those calculated by using Cu ions as the dopant, which
further indicates the reliability of such dopant approach.

The simplicity of such a dopant approach allows the band
offset determination of the NCs with different shapes. Cu-
doped InP quantum shells (QSs) were synthesized by using
ZnSe NCs as the templates.[40] Because of the formation of
a reverse type I structure between ZnSe and InP, optical
properties of the InP QSs should only depend on thickness of
the InP shell (Supporting Information, Figure S6). Fig-
ure 2a,b show variations in the HOMO–LUMO energy gap
and energy levels with thickness of two series of the InP QSs
prepared by using 2.7 and 3.7 nm ZnSe NCs as templates. The
InP QSs bearing the 2.7 nm template presented larger energy
gap than those with the 3.7 nm template. Given the same
thickness, both the CB and VB of the InP QSs with 2.7 nm
inner cores exhibited a larger shift toward the vacuum energy
level than those with 3.7 nm inner cores.

Cu doped InP QSs were further synthesized by using
2.7 nm ZnS NCs as templates and characterized to check the
effect of the type of the templates on energy levels of the InP
QSs (Supporting Information, Figure S7). The InP QSs with

2.7 nm ZnS cores presented the same energy levels as those
with 2.7 nm ZnSe cores (Figure 2c). When the original ligands
(oleylamine) on the InP QSs were replaced by tri-n-octyl-
phosphine (Supporting Information, Figure S8),[41] there were
no changes in their absorption and PL spectra (Supporting
Information, Figure S9). These results suggested that both the
types of ligands and templates had negligible effects on the
energy levels of the InP QSs.

This dopant approach was extended to determine the
energy levels of typical II–VI NCs, such as ZnSe and CdSe.
Cu-doped ZnSe NCs[24] were synthesized and their absorption
and doping PL spectra were recorded (Supporting Informa-
tion, Figure S10). Consequently, energy levels of the ZnSe
NCs were determined (Figure 3a). The energy level of the CB
decreased from �2.32 to �2.62 eV and that of the VB
increased from�5.64 to�5.55 eVas the size of the ZnSe NCs
increased from 2.6 to 4.6 nm. In the case of CdSe NCs, instead
of Cu ions, Ag ions were employed to determine the energy
levels of the CdSe NCs (Supporting Information, Fig-
ure S11a). The energy levels of the CdSe NCs determined
by such a dopant approach are in good agreement with these
by the CV method (Supporting Information, Figure S11b),
further indicating the credibility of this present approach.
Importantly, the advantage of this approach is that the NCs do
not need to go through tedious and harsh treatments.

This dopant approach was further extended to reveal the
differences in energy levels of the different types NCs with the
same energy gap. For example, 2.0 nm InP and 2.4 nm CdSe
dots showed the same energy gap (505 nm, Eg = 2.45 eV) as
derived from their absorption spectra. However, the differ-

Figure 2. Variations in a) the HOMO–LUMO energy gaps and
b) energy levels of the InP QSs versus vacuum (Evac) with thickness of
the QSs with 2.7 (*) and 3.7 nm (*) ZnSe core templates. c) Varia-
tions in the energy levels of the InP QSs with thickness of the QSs on
2.7 nm ZnS (*) and ZnSe (*) core templates; d is the outer diameter
of the core–shell NCs and d0 is the size of the templates.
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ence in their energy levels could be readily revealed by
recording the Doping PL spectra of the Cu doped InP and Ag
doped CdSe NCs (Supporting Information, Figure S12). As
shown in Figure 3 b, the CB and VB positions of the InP dots
were 0.33 eV higher than these of the CdSe dots. Such an
approach is also powerful to reveal the difference in energy
levels of different-shaped NCs with the same energy gap.
Taking CdSe NCs for example (Supporting Information,
Figure S13), 3.2 nm CdSe dots[42] presented the same exciton
band gap of Eg = 2.22 eV as 3.2 � 7.5 nm CdSe rods;[43]

however, the CB and VB positions of the dots were 0.12 eV
higher than these of the rods. 4.0 nm CdSe dots had the same
energy gap of 2.10 eV as 4.0 � 28 nm CdSe tetrapods,[44] and
the CB and VB positions of the dots were 0.21 eV higher than
those of the tetrapods (Figure 3c).

In conclusion, we developed a dopant approach to
determine HOMO and LUMO levels of the semiconductor
NCs based on electronic spectroscopy methods. Energy levels
of the NCs with different compositions, sizes, and shapes were
investigated by measuring the absorption and doping PL
spectra of the NCs. The experimental results were found to be

in good agreement with those obtained by the conventional
CV method and theoretical calculations. Such an approach
provides an alternative way for facile determination of the
HOMO and LUMO levels of the semiconductor NCs, which
is of great technical and fundamental importance in rational
design of the devices with the NCs as building blocks.
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