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Introduction

Semiconducting nanocrystals, whose optical and electronic
properties can be continuously tuned by varying the size of
the particles, are promising candidates for future applica-
tions.[1] To tailor these properties of nanocrystals for specific
applications, it is essential to be able to control not only the
average size, but also the size distribution. Chemical synthe-
ses provide opportunities to control both the size and the
size distribution by varying the concentration of the reac-
tants, capping agents, and the temperature.
ZnO (bulk bandgap of 3.3 eV) is a useful material for a

wide range of applications, such as solar cells, luminescent
devices, and chemical sensors.[1] It is one of the few oxides
with a reasonably wide and experimentally accessible size
range (<7 nm) that facilitates a substantial tunability of the
bandgap, primarily because of the large excitonic diameter
(~5.6 nm). We chose this specific system based on recent in-
terest in synthesizing high-quality ZnO nanocrystals of vari-
ous sizes, including transition-metal-doped ZnO nanocrys-
tals.[2–6] Although the growth mechanism of ZnO in the ab-

sence of any capping agent is reported to be that of Ostwald
ripening,[7] the practical synthesis of ZnO nanocrystals, as
for almost all nanocrystals, is invariably carried out in the
presence of a capping agent to stabilize the desired size for
a given application. However, very little is known about the
growth process in such a complex reaction. To optimally
control parameters in such a reaction, it is necessary to un-
derstand the influence that each parameter has on the aver-
age size and the size distribution. Traditionally, transmission
electron microscopy (TEM) has been used to measure these
two quantities. Although the average size can be estimated
from other experimental techniques, such as X-ray diffrac-
tion and optical absorption spectroscopy, the size distribu-
tion of an assembly of nanocrystals has so far been deter-
mined solely from time-consuming TEM studies. Moreover,
it is impossible to follow both the size and the size distribu-
tion of a fast-growing particle during synthesis by using this
technique. Hence, it is necessary to devise other methods to
follow the size distribution of the particles during the reac-
tion in real time.
The sharpness of the UV-absorption edge and the pres-

ence of an excitonic peak have long been used to qualita-
tively establish the relative degree of monodispersity in
nanocrystal samples; a relatively sharp edge with a well-de-
fined excitonic peak suggesting a narrow size dispersion,
and a broad absorption edge denoting a large size dispersity.
It is indeed evident that the spread of the absorption edge
indicates the size distribution in view of the sensitive de-
pendence of the bandgap, and consequently of the absorp-
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tion edge, on size. Here, we study the effect of [OH]� and
poly(vinyl pyrollidone) (PVP) concentrations on the synthe-
sis of capped ZnO nanocrystals as a function of time. We
show that the UV-visible absorption spectra can be analyzed
to obtain quantitatively accurate estimates of size disper-
sions in a variety of systems. In addition, we use this method
to establish several unexpected, non-monotonic dependen-
cies of the size and the size distribution of the ZnO nano-
crystals on the reaction conditions.

Results and Discussion

The authors of reference [4] reported a UV-absorption spec-
trum and a transmission electron micrograph of a ZnO
nanocrystal sample, providing an ideal starting point for the
application of this method. We estimated the size-distribu-
tion histogram for this sample (Figure 1a) by using the re-

ported micrograph. The size distribution obtained from the
TEM was fitted to a Gaussian function, shown as a thin
solid line in Figure 1a, to yield estimates for the average
size, DTEM

av =2.95 nm, and the size dispersion in terms of the
full width at half maximum (FWHM), DDTEM=1.13 nm.
The size-distribution function obtained by analyzing the re-
ported UV-absorption spectrum gives the optimized values

of DUV
av (3.09 nm) and DDUV (1.11 nm). The resulting distri-

bution function, shown by a thick solid line in Figure 1a, is
very similar to that obtained from TEM analysis (thin solid
line); specifically the differences in the Dav and DD values
obtained from the two techniques are less than 5% and 2%,
respectively. To ensure that this good agreement is not coin-
cidental, we conducted similar analyses for another ZnO
nanocrystal sample with a much larger average size, as well
as for ZnS nanocrystals and CdSe nanocrystals whose UV-
absorption spectra and TEM results have already been re-
ported.[4,8,9] Figure 1b–d shows comparisons between size-
distribution functions obtained by analyzing UV-absorption
spectra (thick solid lines) and the corresponding TEM re-
sults (thin solid lines), once again showing good overall
agreement in each case. Quantitatively, DTEM

av =4.2 nm and
DUV
av =4.35 nm, with DDTEM=1.98 nm and DDUV=2.02 nm

for the ZnO sample; DTEM
av =3.8 nm and DUV

av =3.95 nm, with
DDTEM=1.7 nm and DDUV=1.55 nm for the ZnS sample;
and DTEM

av =5.10 nm and DUV
av =5.13 nm, with DDTEM=

1.05 nm and DDUV=0.95 nm for the CdSe sample. The larg-
est discrepancies between estimates from UV-absorption
and TEM data are less than 5% and 10% for Dav and DD,
respectively. Notably, the use of the effective mass approxi-
mation (EMA) leads to a drastic overestimation of DUV

av and
an underestimation of DDUV, due to the well-known overes-
timation of the bandgap variation within the EMA. This is
in contrast to the more accurate results for the bandgap
shift with size obtained here.[4,10]

As discussed above, the experimental UV-absorption
spectra of several different systems provide reliable informa-
tion about the average size and the size distribution of these
systems. This prompted us to explore whether this is univer-
sally true for any such system, which could lead to an easy-
to-use methodology for estimating these two quantities. Be-
cause only limited experimental data is available so far for
many of these interesting systems, we simulated the UV-ab-
sorption data for different size distributions of a large
number of systems, namely ZnO, ZnS, ZnSe, CdS, CdSe,
GaAs, InAs, and InP. Assuming average size and size-distri-
bution width with a Gaussian-distribution function, the ex-
pected UV-absorption curve is easily simulated with the
help of the known bandgap shifts[4,14, 15] with size, as de-
scribed in the Experimental Section. A typical example of a
simulated UV-absorption spectrum for the case of GaAs, for
which very little experimental data is available so far, is
shown in part I of Figure 2b, for an average size of 3.5 nm
and a relative percentage distribution of 8.5%. Differentia-
tion of this absorption spectrum produces the curve shown
in part II. The differentiated curve defines a peak energy
E0, and an energy width in terms of E1 and E2, forming the
FWHM. The absorption energy E0 is readily translated into
the average size, dav, by using the simple formula reported
previously.[4,14, 15] Similarly, E1 and E2 can also be translated
to apparent sizes, for example, d1 and d2. This then defines
the apparent relative percentage distribution, Ddapp=
(d1�d2)/davK100. This apparent value is much larger than
the actual value that was based on the originally assumed

Figure 1. Comparison of the size distribution obtained from fitting the
UV-absorption curve (thick solid line) with the TEM histogram (column
plot) of (a) 3.0 nm particles of ZnO, (b) 3.9 nm particles of ZnS, (c)
4.7 nm particles of ZnO, and (d) 5.3 nm particles of CdSe. The corre-
sponding fits by broadening an infinitely sharp function and Gaussian fit
to the TEM histogram are shown as dotted lines and thin solid lines, re-
spectively.
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distribution function. For example, in the illustrative exam-
ple shown in Figure 2b, the dav calculated from E0 is
3.49 nm, in very good agreement with the assumed value of
3.5 nm. However, the apparent relative percentage distribu-
tion of 20.6% arising from d1=3.9 nm for E1=2.18 eV and
d2=3.17 nm for E2=2.41 eV is about 2.5 times larger than
the originally assumed value. Figure 2a shows the plot of the
actual relative percentage distribution as a function of ap-
parent relative percentage distribution calculated on the
basis of such simulated UV-absorption data. The plot sum-
marizes our analyses of 720 cases of eight different com-
pounds spanning the entire relevant size (2–6 nm) and rela-
tive percentage distribution (5–25%) ranges. Interestingly,
the plot reveals an almost universal behavior, as suggested
by a simple quadratic fit (solid line) of the data points. This
allows us to calibrate the apparent width from the analysis
of the UV-absorption data and, subsequently, to obtain the
true width. The fit describes the actual relative percentage
distribution DD=AKDdapp

2+BKDdapp+C, in which A, B,
and C are equal to �0.0025, 0.524, and �1.41, respectively.
By using the above example of GaAs, the derived apparent
relative percentage distribution of 20.6% translates to an
actual relative percentage distribution of 8.4%, which is in
remarkable agreement with the originally assumed relative
percentage distribution of 8.5%. The universality of this ap-
proach, attributable to the fact that the constants A, B, and
C are system and size independent, makes this approach
particularly simple to use. Therefore, for any system of semi-
conducting nanocrystals, a simple differentiation of the UV-

absorption spectrum directly
yields the average size from the
peak energy, and the apparent
relative percentage distribution
in conjunction with the re-
lationship DDactual=�0.0025K
Ddapp

2+0.524KDdapp�1.41 pro-
vides the estimate of the actual
relative percentage distribution.
These results for different

semiconductor nanocrystal sys-
tems, spanning a wide range of
average sizes, establish the gen-
eral validity of this approach.
An additional advantage of this
method stems from the insensi-
tivity of the absorption spectra
on surface and defect states,
which, for example, influence
the emission properties drasti-
cally. Therefore, a similar ap-
proach based on the emission
spectra of nanocrystals[10] will
be limited only to perfectly pas-
sivated samples exhibiting
bandedge emission, and would
not be applicable to nanocrys-
tals, such as ZnO, that do not

show a bandedge tuning. This method based on the absorp-
tion edge of the bulk, however, may be limited by the differ-
ence in the spectral shapes of the bulk and the nanocrystals,
the latter generally exhibiting a sharper absorption edge
than that of the bulk. To estimate the possible error from
the use of the bulk spectrum, we also analyzed the results of
the nanocrystals in the opposite limit, assuming that the ab-
sorption edge of an individual nanocrystal is infinitely sharp.
In this case, the reference spectrum for the analysis, instead
of being the experimental bulk spectrum, is represented by
a step function, broadened by the instrumental resolution.
The corresponding results of our analysis are plotted in
Figure 1 as dotted lines; it can be seen that the difference
between the results obtained under the assumptions of the
two opposite, extreme limits is negligible, providing further
credence to the present approach. However, it is important
to note that the present approach does not allow us to ana-
lyze a bimodal distribution unless prior knowledge of the
presence of such a distribution is available from indepen-
dent measurements, such as TEM data. Nevertheless, the
simplicity and very short application time of the absorption
technique compared with the more conventional method of
TEM to obtain the size distribution supports the use of this
method in a time-resolved study of the effect of concentra-
tion of NaOH and PVP in the synthesis of ZnO nanocrys-
tals.
The UV-absorption spectra of a typical reaction with a

fixed NaOH concentration of 0.5 mmol in 25 mL as a func-
tion of time is shown in the inset of Figure 3. There is a sys-

Figure 2. a) Correlation of the apparent relative percentage distribution obtained from UV-absorption curves
with the actual relative percentage distribution for various ii–vi and iii–v systems. b) A typical example of si-
mulated absorption data for 3.5 nm GaAs nanocrystals with an assumed relative percentage distribution of
8.5%. Part II shows the derivative of the curve in part I, and the positions of E0, E1, and E2.
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tematic and substantial shift of the absorption edge to lower
energies with increasing time, signifying a growth in the
average particle size. The variations in average diameter, D,
as a function of time, t, for the different ratios of Zn2+ to
PVP, but with the same NaOH concentration, are shown in
the main panel of Figure 3. In each case, there is a rapid and
sustained growth of the nanocrystals with time, in spite of
the presence of the capping agent. Prompted by the theory
of Ostwald ripening,[11] we tried to fit these curves to the ex-
pression Dx�D0

x=kt, in which x=3 in the case of Ostwald
ripening. However, we found that it was impossible to fit
any of the curves to the quoted formula, even by varying
the value of x. This suggests that the growth process ob-
served here is qualitatively different from the Ostwald rip-
ening mechanism. This is not surprising in view of the pres-
ence of PVP as a capping agent that interferes with the
usual ripening process; the ripening process being driven
only by the gradient in surface energy. The mechanism of
growth inhibition in the presence of a capping agent is not
well understood and is beyond the scope of the Lifshitz
Slyozov Wagner (LSW) theory[11] leading to the Ostwald rip-
ening. We find that an empirical fit in terms of (D�D0)

x=kt
describes well the experimental results, as shown by the best
fit results with the solid lines through the data points in
Figure 3. The various values of D0, x, and k are listed in
Table 1. This empirical growth equation suggests that the
rate of growth over longer time periods is dependent on x.
Thus, the largest value of x for a Zn2+ :PVP ratio of 5:3 sug-

gests that this condition favors the eventual formation of
smaller particles. This conclusion is supported by reports[2]

in which the specific ratio of 5:3 for Zn2+ :PVP concentra-
tions was found to give rise to the smallest-sized particles
after a sufficiently long reaction time.
A typical set of UV-absorption spectra at various concen-

trations of NaOH with a fixed ratio of Zn2+ to PVP (5:3)
and after a reaction time of 160 min is given in the Support-
ing Information. The absorption edge appears clearly at dif-
ferent energies, varying non-monotonically and thereby indi-
cating the complex dependence of the average nanocrystal
size on NaOH concentration. More interestingly, the sharp-
ness of the absorption edge is found to vary substantially as
NaOH concentration changes. The most interesting depen-
dence of growth on NaOH concentration was suggested by
distinct non-monotonic variations in the UV-absorption
spectra of the reaction mixture after a fixed time. We con-
ducted transmission electron microscopy (TEM) and scan-
ning tunneling microscopy (STM) to study the shape of
compounds corresponding to different points shown in
Figure 4. These data clearly show the presence of predomi-
nantly spherical particles of consistent sizes, confirming that
the complex dependence on NaOH concentration is not due
to any variation in shape of the nanocrystals. We then ana-
lyzed the absorption spectra obtained as a function of
NaOH concentration at three different reaction times (0,
100, and 160 min) and for different ratios of Zn2+ to PVP to
obtain the average nanocrystal size and the FWHM of the
size-distribution function, as described before. The results
for Dav are shown in the main panels of Figure 4. The rela-
tive percentage distribution, defined by 100 (DD/D), is simi-
lar for different reaction times, and hence is shown for only
the 160 min reaction time in the corresponding insets. Fig-
ure 4a shows the expected result that the average particle
size is largest in the absence of PVP (Zn2+ to PVP ratio=
5:0). A low Zn2+ to PVP ratio of 5:1 is also found to be in-
efficient in passivating the nanocrystals (Figure 4b), and we
observe minimal changes compared to the uncapped system
(Figure 4a) in terms of both size and size distribution. At a
few concentrations, we even find slightly larger nanocrystals
in the case of the 5:1 ratio than in the absence of PVP. How-
ever, we do not consider these slight changes to be signifi-
cant for the following reasons: It is known that even a slight
change in the water content may influence the size signifi-
cantly. A small change in the water content, below the con-
trollable limit, may be the reason for the slight increase ob-
served for the 5:1 case. However, the average size of the
nanocrystal decreases systematically as the PVP concentra-
tion increases, as shown in Figure 4c and d. Interestingly,

Figure 3. Variation in the size of ZnO nanocrystals shown as a function
of time for different ratios of Zn2+ to PVP at a fixed concentration
(0.5 mmol) of NaOH. The inset shows the UV-absorption curves for a
typical system as a function of time ranging from 0–60 min.

Table 1. D0, x, and k values for different ratios of Zn2+ to PVP.

Zn2+ :PVP D0 [nm] x k [nms�1]

5:0 2.05 2.15 0.038
5:1 2.07 2.38 0.033
5:3 1.89 2.76 0.070
5:5 1.82 1.58 0.022
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Figure 4c and d suggest the formation of ZnO nanocrystals
prior to the addition of NaOH (the zero of the x-axis). This
is not observed in the absence of PVP (Figure 4a), nor for
small amounts of PVP (Figure 4b). These preformed ZnO
nanocrystals can be explained on the basis of our observa-
tion that the large concentration of PVP makes the solution
basic; this produces enough hydroxyl ions to produce detect-
able quantities of ZnO-like nanocrystals even prior to the
addition of any NaOH.
The results shown in Figure 4 reveal that the dependen-

cies of Dav on the concentration of NaOH for all concentra-
tions of PVP are essentially similar. At the start of the reac-
tion, that is, at t=0, represented by closed circles in
Figure 4, the average size is not particularly sensitive to the
concentration of NaOH, though the lower concentrations of
PVP show a slight monotonic increase as the [OH]� concen-
tration increases (panels a and b). At higher concentrations
of PVP (panels c and d), the average size shows an initial
slight decrease, forming a shallow broad minimum as the
concentration of NaOH increases. Interestingly, a lower con-

centration of PVP (panels a
and b) allows a systematic
growth of the nanocrystal size
over time, even at the smallest
NaOH concentration, whereas
at higher PVP concentrations
(panels c and d), the ZnO
nanocrystals exhibit hardly any
growth below a critical NaOH
concentration, as evidenced by
the overlap of the three curves
for the three different times in
the lower NaOH concentration
range. In fact, the concentration
of NaOH required before
growth of the nanocrystals can
be observed increases as the
PVP concentration increases.
This suggests that in the pres-
ence of PVP, even before the
addition of NaOH, the clusters
of ZnO are well passivated,
thereby inhibiting any further
growth of the nanocrystals.
After the reaction has pro-

gressed for some time (t=100
or 160 min), the average size of
the nanocrystals becomes a
non-monotonic function of the
NaOH concentration, reaching
a distinct maximum for an in-
termediate concentration of
NaOH and finally a low satura-
tion value near the highest con-
centration investigated here.
The initial increase in size is ex-
pected, due to the increase in

the number of hydroxyl ions available for the reaction.
However, in each case, the size of the nanocrystals becomes
progressively smaller as NaOH concentration increases
beyond a certain concentration. To investigate this observa-
tion, we first note that the progress of the reaction proceeds
by dehydration of Zn(OH)2 to produce ZnO nanocrystal
and water. It is well known that the presence of even a
small amount of water increases significantly the rate of
growth of ZnO nanocrystals.[6,12] In the presence of excess
NaOH, the unreacted NaOH acts as a scavenger of water,
absorbing moisture from the solution and thus maintaining
relatively anhydrous conditions. This explains the observa-
tion of smaller-sized nanocrystals at a higher concentration
of NaOH beyond a certain threshold concentration. We
proved this hypothesis by carrying out the reaction in the
presence of anhydrous silica gel for different concentrations
of NaOH; this was found to slow down the growth of the
nanocrystal size. In particular, for the NaOH concentration
corresponding to the maximum nanocrystal sizes shown in
Figure 4, we observed a drastic reduction in the nanocrystal

Figure 4. Variation in the size of ZnO nanocrystals plotted as a function of NaOH concentration at times
0 min (closed circles), 100 min (half-open circles), and 160 min (open circles) for Zn2+ to PVP ratios of (a)
5:0, (b) 5:1, (c) 5:3, and (d) 5:5. The corresponding insets show the variation in size distribution at 160 min.
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size in the presence of silica gel, consistent with the extent
of decrease in size in the presence of excess NaOH shown
in Figure 4. Typical results of the experiment with silica gel
are available in the Supporting Information.
The insets to Figure 4a and b reveal a slight monotonic in-

crease in the relative distribution at low PVP concentration
as NaOH concentration increases. Interestingly, at higher
concentrations of PVP (insets to Figure 4c and d), we ob-
serve a striking decrease in the size distribution or a narrow-
ing effect. As discussed earlier, in the presence of high con-
centrations of PVP and in the absence or at a low concen-
tration of NaOH, the ZnO-like clusters are formed from the
oxide ions of the PVP and isopropanol in the medium, cata-
lyzed by the slight basicity of the medium. In this case, the
rate-determining step of the reaction is the formation of the
ZnO-like clusters, and these clusters are immediately
capped efficiently with PVP. Therefore, further ripening
leading to more uniformly sized clusters is strongly sup-
pressed at higher PVP concentrations by the effective passi-
vation. This is also suggested by the fact that there is hardly
any growth of the nanocrystal size with time, indicated by
the overlap of the three time (0, 100, and 160 min) plots, for
the large PVP concentrations (Figure 4c and d) in the low
NaOH concentration range. Hence, we observe a broad size
distribution in such cases. Beyond a certain critical concen-
tration of NaOH, approximately 0.1–0.2 mmol in Figure 4c
and d, respectively, there is clear growth of the nanocrystal
size with time. This suggests that at these higher concentra-
tions, NaOH is effective in reacting with the small, pre-
formed ZnO clusters in spite of the presence of PVP. This
thereby leads to growth, though at a much slower rate than
in the uncapped case. Removal of the capping agent at
higher concentrations of NaOH also allows for a ripening
process to compete with the passivating process by PVP, and
this leads to a higher degree of uniformity in size, as ob-
served here. Notably, the minimum in the relative distribu-
tion corresponds to the same NaOH concentration that is
required to reach the low size range in the higher NaOH
concentration range. If the NaOH concentration is higher
than this optimal value, the relative distribution becomes
larger, leading to a poorer quality product, though the aver-
age particle size remains approximately the same. On the
other hand, a lower concentration of NaOH gives rise to a
larger average size for the nanocrystals. Thus, the present
study establishes the necessity to use the optimal NaOH
concentration to obtain small nanocrystals with a minimum
size distribution.

Conclusion

We have presented a simple approach to obtain accurate es-
timates of size-distribution functions in nanocrystal systems
from UV-absorption spectra. General validity of this
method has been shown by applying it to diverse semicon-
ductor nanocrystals of various sizes. The unique ability of
this novel approach to provide a detailed understanding of

the complex growth and a route to rational synthesis of the
high-quality nanocrystal is illustrated by the case of ZnO
nanocrystal growth with PVP as the capping agent. The
complexity of the process is revealed at a microscopic level
by its qualitative differences to the Ostwald ripening mecha-
nism, and at a macroscopic level in terms of non-monotonic
dependencies of the size and the size-distribution function
on different reaction parameters. Additionally, the optimal
conditions for ZnO nanocrystal synthesis with the narrowest
size distribution are defined, paving the way for a rational
synthesis.

Experimental Section

A typical synthesis of the ZnO nanocrystals involved dis-
solving 0.25 mmol of zinc acetate in 25 mL of isopropanol
under constant stirring at 50 8C. Various specific amounts of
PVP were added to this solution and stirring was continued.
These solutions were hydrolyzed by the addition of various
concentrations of NaOH in isopropanol, and UV-absorption
spectra of these solutions were measured at various times by
using a Perkin–Elmer double-beam LM-35 spectrophotome-
ter. Pure iPrOH was used as a reference blank solution for
the absorption experiments. The synthesis and characteriza-
tion of the other compounds shown in Figure 1 are reported
in the literature.[4,8,9]

To extract the size distribution from an analysis of the
UV-absorption edge, we first note that any property of a
collection of non-correlated particles is simply the average
of the properties of all of the individual particles. Specifical-
ly, the UV-absorption spectrum of any nanocrystal sample is
obtained by the superimposition of the individual UV-ab-
sorption spectra representing each specific size of nanocrys-
tal weighted by its relative abundance. Thus, by using the
UV-absorption spectrum of the bulk as the reference spec-
tral shape for each contribution, and the energy shift of the
absorption edge for any given size from the literature,[4,13–15]

the expected spectrum can be easily simulated for any given
size distribution. We assume that the size dispersion follows
a statistically determined Gaussian distribution, character-
ized by the peak position, Dav, which corresponds to the
average diameter of the nanocrystals and the full width at
half maximum (FWHM), and DD, which quantifies the size
dispersion. We then systematically vary the parameters Dav

and DD to minimize the difference between the simulated
spectrum and the experimental spectrum within the least-
squared-error approach, thus determining the size-distribu-
tion function most consistent with the experimentally ob-
served absorption spectrum.
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