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Abstract
One of the most frequently used methods
for characterizing thin films is UV-Vis absorption.
The near-edge region can be fitted to a simple
expression in which the intercept gives the bandgap and the fitting exponent identifies the
electronic transition as direct or indirect. (See
Tauc et al., Physica Status Solidi, 1966; these are
often called “Tauc” plots.) While the technique is
powerful and simple, the accuracy of the fitted
band-gap result is seldom stated or known. We
tackle this question by refitting a large number of
Tauc plots from the literature and look for trends.
Nominally pure zinc oxide (ZnO) was chosen as a
material with limited intrinsic deviation from
stoichiometry and which has been widely studied.
Our examination of the band gap values and their
distribution leads to a discussion of some
experimental factors that can bias the data and lead
to either smaller or larger apparent values than
would be expected. Finally, an easily evaluated
figure-of-merit is defined that may help guide more
accurate Tauc fitting. For samples with relatively sharper Tauc plot shapes, the population yields
Eg (ZnO) as 3.276 +/- 0.033 eV, in good agreement with data for single crystalline material.
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Abstract

One of the most frequently used methods for characterizing thin films is UV-Vis
absorption. The near-edge region can be fitted to a simple expression in which the intercept gives
the band-gap and the fitting exponent identifies the electronic transition as direct or indirect.
(See Tauc et al., Physica Status Solidi, 1966; these are often called “Tauc” plots.) While the
technique is powerful and simple, the accuracy of the fitted band-gap result is seldom stated or
known. We tackle this question by refitting a large number of Tauc plots from the literature and
look for trends. Nominally pure zinc oxide (ZnO) was chosen as a material with limited intrinsic
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deviation from stoichiometry and which has been widely studied. Our examination of the band
gap values and their distribution leads to a discussion of some experimental factors that can bias
the data and lead to either smaller or larger apparent values than would be expected. Finally, an
easily evaluated figure-of-merit is defined that may help guide more accurate Tauc fitting. For
samples with relatively sharper Tauc plot shapes, the population yields Eg (ZnO) as 3.276 +/0.033 eV, in good agreement with data for single crystalline material.

Introduction

This paper describes an in-depth analysis of the Tauc method of optical absorption edge
determination as applied specifically to direct band-gap materials. The Tauc method uses simple
multi-wavelength absorption spectroscopy and is relied upon for materials evaluation of
functional photovoltaic layers, transparent conductors, sensor coatings, and films used for many
other applications. The seminal work by Tauc, Grigorovici, and Vancu [1] presented a simple
and useful method for assessing amorphous thin-film materials, though the method is now
broadly applied to crystalline thin films as well. While extensively used to explore phase
development, there remains some question about its application to polycrystalline thin films as
well as on the accuracy of the method. Our assessment of the Tauc method is performed on a
material of simple stoichiometry known to form easily from many chemical routes: ZnO. A
review of thin-film zinc oxide (ZnO) literature yielded a large set of papers that cited Tauc’s
seminal work and included plots of data measured on undoped samples. This body of work
included over 120 individual Tauc plots that were used as the test population for the present
study. Published plots were redigitized and a consistent methodology was applied to extract the

band gap per the Tauc method, as described in detail below. The band gap data were compared
with their original source, yielding a determination of the basic precision of the method. Other
aspects of the shape of Tauc plots are discussed as possible contributors to error in the method.
Additionally we suggest a new figure of merit that helps identify plots with better inherent
accuracy.

Zinc oxide is a good candidate for evaluating the Tauc method because it has been
widely studied for a number of useful applications [2-20]. Among these applications the bandgap plays a central and fundamental role as it controls many absorption and conductivity
phenomena. Single crystal optical studies have found a direct band gap of 3.3 eV[21-23], though
many of the papers surveyed in the present thin film analysis have collected data from very well
crystallized films or even epitaxially grown layers.

Numerous deposition methods are available for zinc oxide thin films including solgel[24-29], chemical vapor deposition [9, 18, 30, 31], hydrothermal [32, 33] or solvothermal
growth[34], magnetron sputtering[35-38] and pulsed laser deposition (PLD)[39-42]. It is stable
in a hexagonal wurtzite structure with lattice parameters of (c=5.205 A, a=3.249 A)[43]. While
every stoichiometric compound must thermodynamically have point defects at some level (and
therefore by definition be non-stoichiometric), the phase of ZnO has been experimentally studied
and found to have very little deviation from the ideal 1:1 ratio. For example, the early work of
Allsopp and Roberts found a slight zinc excess, but less than 50 ppm [44]. This is much more
stoichiometric than many phases and thus provides a good calibration test-case for the Tauc
method, as described further below.

Background

While investigating the optical and electronic properties of amorphous germanium, Tauc
et al, proposed and substantiated a method for determining the band gap using optical absorbance
data plotted appropriately with respect to energy [1]. This was further developed in Davis and
Mott’s more general work on amorphous semiconductors[45, 46]. They show that the optical
absorption strength depends on the difference between the photon energy and the band gap as
shown in (Eq. 1):
(𝛼ℎ𝑣)1/𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔 )

(1)

where h is Planck’s constant, ν is the photon’s frequency, α is the absorption coefficient, Eg is the
band gap and A is a proportionality constant. The value of the exponent denotes the nature of
the electronic transition, whether allowed or forbidden and whether direct or indirect:

For direct allowed transitions

n=1/2

For direct forbidden transitions

n=3/2

For indirect allowed transitions

n=2

For indirect forbidden transitions

n=3

Typically, the allowed transitions dominate the basic absorption processes, giving either n=1/2 or
n=2, for direct and indirect transitions, respectively.

Thus, the basic procedure for a Tauc analysis is to acquire optical absorbance data for the
sample in question that spans a range of energies from below the band gap transition to above it.

Plotting the (α h ν)1/n versus (h ν) is a matter of testing n=1/2 or n=2 to compare which provides
the better fit and thus identifies the correct transition type.

Figure 1 gives one example Tauc plot for ZnO where the absorption coefficient times the
photon energy to the second power is plotted versus the incident photon energy[47]. The second
power was used as zinc oxide is well known to have a direct allowed transition. The
characteristic features of Tauc plots are evident: at low photon energies the absorption
approaches zero – the material is transparent; near the band gap value the absorption gets
stronger and shows a region of linearity in this squared-exponent plot 1. This linear region has
been used to extrapolate to the X-axis intercept to find the band gap value (here about 3.27 eV).
At even higher energies the absorption processes saturate and the curve again deviates from
linear.

To select and justify a linear region for extrapolation one must understand the reasons for
these lower and upper deviations from linear behavior. On the low energy end, the deviation
from linearity can be associated with defect absorption states that are near the band edge. This
phenomenon has been investigated by Urbach [48] and in subsequent years, therefore, identified
as an “Urbach Tail.” These states are usually described by an exponential function,
corresponding to a typical distribution of density of states, evident in the absorption behavior
seen in the example Tauc plot (Figure 1). On the high energy end, saturation of available
transition states is responsible for a leveling out of absorption strength in most collected spectra.

1

The region of linearity may seem rather narrow on an absolute energy basis (being only ~0.1 or ~0.2 eV wide in
many cases). However, this is to be expected for direct band-gap materials, which are typically found to have
extremely rapid rise in absorption coefficient value immediately above the band-gap energy – which is the basis for
establishment of the Tauc method to begin with.

The next section explains more specifically how we have done the Tauc fitting of the data on
ZnO presented by many authors previously.

Figure 1: Example Tauc Plot from UV-Vis analysis of a ZnO thin film that illustrates the method of
fitting the linear region to evaluate the band-gap at the X-axis intercept, here about 3.27 eV. Reprinted by
permission from ref. [47].

Model

As noted above, we collected a large number of published Tauc analyses of undoped ZnO
that included plots of the absorbance data against the photon energy [9, 26, 32-34, 36, 37, 49119]. This was critical, as our assessment of the application of the Tauc method required the
consistent application of a fitting method, as described below. Through the following method
over 120 individual Tauc plots were re-assessed 2 to extract band gaps for comparison with the
originally published results and to build a histogram of band gap values determined for this
material. This population contained materials made with many deposition methods and varying
process conditions with each method. Our digitization of the published plots was done using
“Plot Digitizer” 3, to acquire data from digital (PDF) images of the graphs in each of the journal
articles in question.

Each literature Tauc plot was digitized in the following manner: A screen captured
digital image of the plot was collected at the highest resolution possible. The saved JPG image
was imported into the digitizing software. Once imported, the process for digitization began
with the assigning of origin, axes, and scale according to the published graphical data. Then
each distinct data point was logged, or for smooth curves then reasonably closely spaced data
points were digitized. Each “click” logged by the software was then saved in a data file
specifying X (typically photon energy, eV) and Y (typically absorption Tauc function, [(α h ν)2])
values.
2

While this seems like a large number of Tauc analyses, we know that there are far more ZnO analyses in the
literature that have also used the Tauc method, but may not have cited Tauc’s original work directly. We believe that
the present sample population is large enough to give an excellent representation of the larger body of ZnO works –
and the Tauc method more specifically. These papers are not being endorsed nor are they being criticized; they are
merely showing the range of variability of samples and band-gap determinations when studied by the Tauc method .

3

(v. 2.6.2 - December 17, 2012 Build), written and freely distributed by Joseph A. Huwaldt and Scott Steinhorst

Each of the digitized data sets was first replotted and visually examined to ensure no
artifacts of digitization were present as unrealistic outliers not corresponding to the originally
published figures. Though there was no expected specific disagreement with the Tauc fitting
presented by the source authors in any case, the present work tried to develop a completely
unbiased method for picking the linear portion of the plot and finding the band gap value. The
raw digitized data were then processed in a spreadsheet to achieve a series of linear regressions
corresponding to incremental portions of each data set. We typically fitted using an 11-data-point
window for evaluating the local linear regression (using +/- 5 datapoints on either side for any
given local fit), and then we slid this fitting-window along and tested the fit at every possible
location. The impact of fitting window width can be illustrated in Figure 2 where we plot the R2
value for each incremental linear regression fit for the data we extracted from the graph shown in
Figure 1. Three different curves are presented that cover 5, 11, and 15 datapoint windows,
respectively. When fewer data points are used for fitting then better R2 results are generally
obtained (as a mathematical certainty). However, if the actual linear region is relatively short
then using a bigger span of datapoints will force the inclusion of points that are clearly not part
of the linear region and the R2 value will be reduced. Or, similarly when fitting a line to a clearly
curved part of the dataset, the same R2 reduction will occur. Figure 2 illustrates this behavior
with the general trend downward for the energy values between 3.2 and 3.3 eV (see arrow).
Referring back to Figure 1, it can be seen that this is a region of upward curvature for the Tauc
plot, so that extending the fit to larger ranges of data can force the inclusion of more curvature
and therefore poorer fits (as shown). The best fit values are found in the mid-point photon energy
region between 3.30 and 3.35 eV (as marked with the red ellipse in Figure 2), which corresponds
to the energy range used by the original authors to fit the band gap, as shown by the line they

Figure 2: Linear regression fitting quality for different portions of the data as a method of choosing the
best linear region for extrapolating the “Tauc gap”: (●) 5 sequential data points, (■) 11 sequential points,
and (▲) 15 sequential points used.

have drawn (see Figure 1). In our analysis, each linear regression can be evaluated to find the Xaxis intercept (the band gap value). Figure 3 shows how this band gap/intercept value changes
depending on which set of adjacent datapoints are used for linear regression fitting. The best R2
values for fitting correspond to the band gap values highlighted with the ellipse, all around 3.28
eV. Note that the choice of the width of fitting window imposes only a slight change in
extrapolated band gap value establishing a method-imposed precision of about +/-0.005 eV.
Interestingly, the standard regression error from any specific fit can be used to calculate a

confidence interval for specific fit’s extrapolated bandgap value. For the data shown in Figure 13 the best-fit region is found to have 95% confidence intervals of +/-0.0025 eV, +/-0.0015 eV,
and +/-0.0023 eV, for the 5, 11, and 15 point fitting windows, respectively. The smaller fitting
window has a better R2 value, but the extrapolation is poorer because it is based on a narrower
range of energy values and fewer data points. The largest fitting window has a wider basis for
making the extrapolation, but the R2 value is a little lower and the confidence interval a little
wider, too. In any case, these confidence intervals must be considered the best precision values
for the technique, though when many measurements are considered and compared the accuracy
is not as good as this. It should be noted that at much lower energy values (below 3.2 eV for this

Figure 3: Fitted Tauc gap obtained from linear regression fits covered in Figure 2. The region where the
best R-squared values were obtained is also the region where the fitting slope is steepest and the largest
Tauc gap intercept is found: (●) 5 sequential data points, (■) 11 sequential points, and (▲) 15 sequential
points used.

dataset) the extended range of the Urbach tail will also give good linear fits, but the preferred
answers will typically correspond to the steepest region of the Tauc plot and yield the largest
Tauc gap (intercept) values as emphasized by the shape of Figure 3.

In the case of amorphous silicon, which has a gradual absorption edge and more
pronounced Urbach tail, the difficulty of finding the linear region to fit has been discussed by
Sweenor et al.[120] based on earlier comments by Dawson et al.[121] that suggested errors as
large as 0.3 eV in some cases. So, in summary, the present work has used the R2 value itself to
identify the section of the data that is most linear, and the line from this region is used to find the
extrapolated Tauc gap. And, as shown in Figures 2 and 3, when some of the datapoints from the
Urbach tail region happen to be included in the fit the tendency will be to yield Tauc gaps that
are slightly lower than are found for less defective samples with more linear plot regions.

In view of the importance of the overlap between the linear region used for Tauc gap
fitting and the lower energy Urbach tail absorption effects we also have tried to provide a
quantitative measure for comparing different plots and data. We note that if there were no
Urbach tail at all then the absorption would be zero up to the optical gap and then rise linearly
according to equation (1). So we suggest that the (αhν)2 value measured at the Tauc gap should
relate to the size of the Urbach tail, though perhaps not to its energy breadth or shape in detail.
Often the Tauc plots are put on an arbitrary units scale, so we normalize this value by comparing
it to a (αhν)2 value at slightly higher energy. To make it generalizable we suggest normalizing
using a value taken at 2% higher energy than the Tauc gap that has been determined by the
fitting process, ie. @ hν = 1.02Eg. To generalize this further and make the concept applicable to
indirect materials, also, we take the square root and correct for the 2% difference in photon

energy to arrive at a factor we call the “Near-Edge Absorptivity Ratio”, or NEAR, which is
essentially the ratio of the absorption coefficients at those two energy values.

(𝛼ℎ𝑣)2 �

𝑁𝑁𝑁𝑁 = 1.02 �(𝛼ℎ𝑣)2 |

ℎ𝑣=𝐸𝑔𝑔𝑔

ℎ𝑣=1.02𝐸𝑔𝑔𝑔

1/2

�

=

𝛼�𝐸𝑔𝑔𝑔 �

𝛼�1.02𝐸𝑔𝑔𝑔 �

(2)

Note that this ratio is dimensionless and can thus be evaluated from (α h ν)2 graphs even when
arbitrary units are used in the plots. The +2% offset is arbitrary and merely intended to probe
how steep the curve is close to the Tauc gap. Similarly, when the NEAR factor would be applied
to an indirect-gap material (where the (α h ν)n would have been plotted with a ½ power, then the
ratio would need to be squared to yield a dimensionless absorption coefficient ratio.

We have evaluated this ratio for all of the redigitized Tauc plots and provide some
analysis of its utility in the next section.

Results

Following the fitting protocol described above, we have digitized and re-fit over 120
Tauc plots on nominally-pure ZnO thin film materials. This has allowed a statistical evaluation
of the Tauc method as well as giving us the ability to calculate the NEAR values for all of these
samples. 4
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See supplementary material as [***URL will be inserted according to publisher***] for specific quantities,
including NEAR values from each of the subject graphs from the literature along with the original source’s Tauc gap
value and our refitting of the Tauc gap.

Table 1. Compilation and analysis of example literature where Tauc analyses have been
conducted on ZnO thin films.

Reported Tauc
Gap (eV)

Re-fitted Tauc
Gap (eV)

Near-Edge
Absorptivity
Ratio

Citation

3.372
3.387
3.456
3.530
3.625
3.19
3.22
3.24
3.28
3.28
3.2
3.22
3.25
3.41
3.29
3.291
3.288
3.284
3.295
3.211
3.27
3.26
3.22
3.27
3.25
3.27
3.45
3.42
3.375
3.28
3.3
3.3
3.27
3.204
3.179
3.238
3.41
3.47
3.24
3.26
3.24
3.24
3.2

3.38
3.39
3.46
3.53
3.63
3.20
3.21
3.24
3.30
3.24
3.13
3.17
3.23
3.39
3.29
3.29
3.29
3.29
3.30
3.35
3.27
3.26
3.25
3.25
3.27
3.29
3.45
3.47
3.49
3.27
3.30
3.25
3.28
3.11
3.16
3.17
3.41
3.48
3.24
3.24
3.25
3.23
3.19

0.42
0.40
0.53
0.45
0.39
0.63
0.41
0.58
0.67
0.79
0.91
0.63
0.75
0.56
0.53
0.41
0.40
0.45
0.37
0.94
0.57
0.36
0.81
0.69
0.70
0.70
0.94
0.95
0.93
0.62
0.32
0.77
0.51
0.98
0.92
0.91
0.52
0.58
0.66
0.67
0.57
0.74
0.78

Abraham[49]
Abraham[49]
Abraham[49]
Abraham[49]
Abraham[49]
Bandyopadhyay[50]
Bandyopadhyay[50]
Bandyopadhyay[50]
Baviskar[51]
Baviskar[104]
Baviskar[104]
Baviskar[104]
Baviskar[104]
Biswas[9]
Bojorge[105]
Caglar[53]
Caglar[53]
Caglar[53]
Caglar[53]
Chawla[55]
Chen[56]
Craciun[58]
Dimitriev[60]
Dimitriev[60]
Dimitriev[60]
Dimitriev[60]
Faraj[61]
Faraj[61]
Faraj[61]
Ghodsi[102]
Gulino[106]
Gurav[62]
Hammouda[63]
Hantehzadeh[64]
Hantehzadeh[64]
Hantehzadeh[64]
He[34]
He[34]
Ho[65]
Ho[65]
Ho[65]
Hong[66]
Hong[66]

3.16
3.14
3.12
3.42
3.36
3.32
3.24
3.21
3.29
3.32
3.248
3.253
3.261
3.02
3.19
3.36
3.38
3.39
3.268
3.280
3.266
3.281
3.275
3.24
3.28
3.3
3.32
3.18
3.21
3.26
3.28
3.14
3.16
3.17
3.19
3.24
3.26
3.27
3.25
3.11
3.24
3.2
3.24
3.41
3.26
3.27
3.28
3.17
3.19
3.28
3.12
3.28
3.19

3.17
3.16
3.17
3.42
3.36
3.33
3.25
3.25
3.31
3.34
3.28
3.25
3.26
3.17
3.26
3.33
3.34
3.36
3.26
3.26
3.27
3.28
3.28
3.25
3.28
3.31
3.32
3.17
3.17
3.25
3.28
3.14
3.16
3.17
3.18
3.23
3.25
3.27
3.23
3.14
3.22
3.23
3.26
3.41
3.27
3.27
3.27
3.16
3.16
3.28
3.02
3.27
3.17

0.84
0.88
0.90
0.61
0.65
0.63
0.75
0.82
0.56
0.66
0.52
0.63
0.53
0.82
0.96
0.59
0.61
0.54
0.48
0.41
0.44
0.42
0.59
0.55
0.58
0.59
0.61
0.39
0.27
0.35
0.60
0.44
0.69
0.83
0.70
0.53
0.43
0.45
0.53
0.82
0.77
0.66
0.85
0.44
0.42
0.43
0.48
0.82
0.78
0.34
0.74
0.93
0.62

Hong[66]
Hong[66]
Hong[66]
Hsu[67]
Hsu[67]
Hsu[67]
Kumar[32]
Kumar
Kumar
Kumar
Liu[107]
Liu
Liu
Lu[108]
Lu
Ma[109]
Ma
Ma
Malek[28]
Malek
Malek
Malek
Malek
Mandal[110]
Mandal
Mandal
Mandal
Marotti[111]
Marotti
Marotti
Millon[68]
Mishra[70]
Mohamed[112]
Mouet[113]
Nehru[75]
Ozutok[114]
Ozutok
Ozutok
Ozutok
Panda[115]
Panda
Panda
Panda
Ramirez[116]
Raoufi[117]
Raoufi
Raoufi
Rusu[118]
Rusu
Sali[77]
Shinde[79]
Shinde
Smirnov[84]

3.21
3.447
3.437
3.406
3.403
3.400
3.350
3.295
3.25
3.29
3.3
3.28
3.22
3.26
3.27
3.2
3.26
3.31
3.2
3.19
3.21
3.27
3.25
3.343
3.18

3.18
3.47
3.49
3.39
3.42
3.43
3.36
3.29
3.23
3.29
3.31
3.28
3.22
3.26
3.27
3.21
3.26
3.31
3.17
3.18
3.19
3.28
3.24
3.35
3.21

0.62
0.75
0.49
0.63
0.57
0.50
0.64
0.58
0.53
0.40
0.56
0.79
0.63
0.51
0.51
0.61
0.66
0.64
0.57
0.50
0.64
0.49
0.39
0.68
0.65

Smirnov
Tan[87]
Tan
Tan
Tan
Tan
Tan
Tan
Tanskanen[88]
Tari[89]
Tari
Tricot[90]
Tsay[93]
Tsay[92, 93]
Tsay[91, 93]
Tuzemen[119]
Tuzemen
Tuzemen
Tuzemen[94]
Tuzemen
Tuzemen
Wang[47]
Yang[98]
Yang[100]
Yang[101]

----------- End supplemental material ------------------------------------

It is recognized that that our analysis brings together an extremely large number of
measurements of (ideally) the same composition ZnO material in thin film form, though
admittedly examining a wide range of different possible microstructures due to their different
processing histories. As a first measure of the population under study we plot the cumulative
probability distribution of Eg values as reported in the original publication, as shown in Figure 4.
While a general sigmoidal shape is evident, the curve jogs to the right at high energy showing
that the entire population cannot be fit with a single gaussian distribution. In fact, if we fit the
central part as a normal population it requires a mean at 3.266 eV with a standard deviation of

Figure 4: Cumulative probability distribution of literature reported band gap value of zinc oxide
determined by the Tauc method (see Table 1 for specific values and source citations).

0.051 eV, but with two apparent extra subpopulations, one at higher energies and one at lower.
We discuss some possible reasons for these groups in a later section.

Next it is important to evaluate how well the redigitization process has worked for
extracting and fitting the band gap from graphical data. Figure 5 displays the cumulative
probability distribution of the difference between the reported band gap and the value we have
obtained with our regression process. The difference data follow a distribution much more

Figure 5: Comparison of bandgap as reported by orginal publication (“Reported”) to the assessed bandgap
found here with re-digitized data (“Fitted”). The difference between the two is plotted in the format of a
cumulative probability distribution over the sample population.

tightly grouped around zero difference between the two populations, with tails extended on the
low and high end. The central 60% of the studies have an agreement of +/- 0.01 eV when
comparing the reported Eg and our digitized reassessment of the Eg. While there may be many
sources of error (see discussion below), the tight distribution shown here substantiates the simple
Tauc method and the ease with which data can be digitized from good plots. We take the
observed error to represent the relative precision of the method when performed on individual

datasets. The fitting data was compiled from many samples and groups, so it is likely that the
comparisons between samples from one researcher would have a higher precision.

Finally, using the digitized curve shapes we have evaluated the Near-Edge Absorptivity
Ratio for every plot, as discussed above. Again, to get a measure of the values typically found for
ZnO thin film studies (and perhaps representative of values that would be found for other directgap thin film materials) we plot a cumulative probability distribution as shown in Figure 6. This
curve is reasonably well represented by a normal distribution with mean of 0.60 and a standard
deviation of 0.16, though again there is evidence of a small excess subpopulation at higher
NEAR values.

Figure 6: Cumulative probability distribution of the Near-Edge Absorptivity Ratio, as discussed in the
text.

Discussion

As shown above, the Tauc method is a reasonable and simple technique for determining a
characteristic optical band gap of a thin film material. We’ve shown that even working from
redigitized graphical data, the technique is precise at a level of 0.01 eV, however, the range of
values of Tauc gap found in the literature for ZnO films span a very wide range, ~3.1 to ~3.5 eV
(see Figure 4), which, of course, significantly stems from materials differences, microstructure
development progression, and possible stress-optical or quantum confinement effects. Before
digging in to these and other possibilities, we first examine the correlation between the Tauc gap
values that are determined and the shape of the Tauc plot, as represented by the NEAR factor.
Recalling that the master plot of Tauc gap values (Figure 4) seemed to have extra frequencies at
both low and high gap value, we subdivide the population into three groupings with low,
medium and high Tauc gap values – taking them in 30%, 40%, and 30% quantities, respectively.
Figure 7 gives the cumulative probability distribution for the NEAR factor for each of these
subpopulations. It is interesting to see that the “Low” group, with ●’s, is significantly shifted to
the right compared to the “Medium” and “High” groups. This is likely caused by samples that
have more intense Urbach tailing or sub-gap absorption and are therefore more likely to undergo
Tauc plot fitting that includes some of this tail intensity – forcing the Tauc gap intercept to be
somewhat lower than would be expected for the ideal material. Given that the “Medium” and
“High” distributions are so similar, then we suggest that extra population distribution found
before at high Tauc gap values (see Figure 4) must be rooted in physical differences in those
samples when compared with thin layers of ideal single crystal material. In one further analysis
step, we use the NEAR factor as a guide, suggesting that smaller NEAR values will indicate
coatings or thin films that have higher inherent crystallinity (and lower Urbach tailing, as a

Figure 7: Cumulative probability distribution of the Near-Edge Absorptivity Ratio for subpopulations
grouped according to their reported Tauc gap as discussed in the text (c.f. Figure 4): (●) subpopulation
with lowest 30% of reported Eg values, (■) subpopulation with middle 40% of reported Eg values, and
(▲) subpopulation with highest 30% of reported Eg values.

result). Figure 8 illustrates this concept by comparing the Tauc gap values derived only from
samples with the relatively smaller NEAR values (taking the lowest 50% of the whole
population). Immediately, two things are evident: (1) the main part of the distribution is
significantly tighter than found for the whole population, and (2) the High-gap fraction seems to
have been retained and perhaps enhanced. Observation 1 suggests that the NEAR factor is
smaller for samples that are more similar to each other – and by inference might be more
representative of good intrinsic ZnO material. For example, we can fit this sub-distribution very

Figure 8: Cumulative probability distribution of the Tauc gap for the subpopulation having the Near-Edge
Absorptivity Ratio among the lower half of the whole population. Open circles show the full population
for comparison.

nicely with an average of 3.276 and a standard deviation of 0.033 eV. Given that this is a
population of more than 60 samples and fabricated using many methods in many labs around the
world, then this has to be viewed as an amazingly tight distribution! For comparison, Dawson et
al[121] reported an accuracy of 0.02 eV when using three different fitting methods on the same
set of samples.

We turn our attention now to observation 2 – that there are many data points showing
high Tauc gap even though resulting from Tauc plot shapes that have small NEAR factors. One

paper that contributed five of these data points (Abraham and Dekany[49]) came from samples
with particle size ranging from 3.2 to 7.1 nm, which exhibited band gap values ranging from
3.625 eV down to 3.372 eV as particles grew with time suggestive of a quantum confinement
effect. Bahneman et al. [122] have looked at the optical properties of tiny ZnO particles and also
observed a significantly wider gap for particles smaller than about 5nm. Another group (Tan et
al. [85]) found a significant blue-shift in their optical data, too. Because of the low processing
temperatures for some of their samples they attributed the larger gap values to the material being
amorphous rather than crystalline. Finally, two of these data points come from the work of Ma,
et al.[109] who attribute the larger effective gap measurements to a Burstein-Moss shift [123]
where stronger reduction during deposition makes the sample more n-type and therefore pushes
the predominant absorptions to higher photon energy values. Similarly, there are nanoparticle
hydrostatic pressure effects that can also be at play[124]. Srikant and Clarke have performed an
especially careful calculation of the stress-induced band-edge shifts for thin films subject to
thermal expansion differences between the ZnO films and the substrate[125]. They predict a
0.023 eV increase between their C- and R-plane sapphire deposition orientations, which is close
to the experimental increase of 0.030 eV that was observed. On the other hand, for their samples
deposited on fused-silica the predicted stress-optic shift is in the opposite direction from the
experimental finding. However, when deposited on an amorphous substrate the resultant ZnO
morphology had a grain size of 30-80 nm and a much more extensive Urbach tail suggesting that
grain boundary states were responsible.

These specific cases show that there are quantum confinement and solid-state physics
effects that tend to push band gap values up. However, these are not the only effects that might
contribute to changes in the perceived optical band gap. For example, if the samples being tested

have minority second phases then the optical properties may be derived, at least partly, from
these second phase particles. And, certainly, the possibility of amorphous phase and Urbach-tail
mid-gap states is critical as these are already known to contribute to the lower energy part of the
absorption spectrum. Finally, it has been suggested that other approximations of the optical
absorption physics for disordered materials may be more physically appropriate and scalable to
different thicknesses of material (see for example the work of Cody et al.[126, 127], which has
been discussed specifically in comparison with the Tauc method by Mok and O’Leary[128]).
Still, it might be argued that a direct-gap material with a strong tendency to crystallize (ZnO)
might behave much differently from a hydrogen-terminated, dangling-bond-based, disordered
material like amorphous silicon.

Clearly, the subpopulation with smaller NEAR values has a much tighter distribution of
band gap values determined using the Tauc method. As noted above, these samples give an
average band gap value of 3.276 with a standard deviation of 0.033 eV. The Urbach tails are
suggested to be responsible for the slightly lower band gap shifts when the NEAR factor is
somewhat larger as a result of mathematical curve-fitting limitations. These are not artifacts and
are not noise, but do complicate the use of the Tauc analysis. There is a potential for confusion
if the near-edge absorption ratio is found to be relatively large (e.g. NEAR > ~0.7, or so). If the
ratio is small (e.g. NEAR < 0.5), there exists a greater probability of good Tauc analysis usage
and comparisons between different researchers and sample sources.

Conclusions

An assessment of the Tauc analysis method with respect to consistency, accuracy,
application to polycrystalline materials and potential risk of underestimation of the bandgap was

undertaken. The reproduction of a broad survey of literature based analyses in a consistent
manner found that the method is robustly accurate even when applied by multiple researchers.
The precision of the method was established with the finding that among over 120 analyses, the
majority of refits were within 0.01 eV of the originally-determined Tauc gap values. Further,
when half of the studies are excluded (based on their larger near-edge-absorptivity-ratios), we
have demonstrated an accuracy of the technique at the ~0.03 eV level, or about 1% of the
absolute value of the band gap, at least under conditions that yield the sharper Tauc plots with
smaller near-edge-absorptivity-ratios. This variation includes all manners of unintentional
distortion of the bandgap, and so this result is particularly notable. The investigation involved
the interrogation of zinc oxide, a typically-stoichiometric pure semiconductor of polycrystalline
nature. That the Tauc analyses are accurate and valid for this polycrystalline semiconductor
suggests that the analysis technique is applicable to not just the amorphous materials originally
examined by Tauc et al[1], but to polycrystalline semiconductors as a class. Finally, the nearedge absorptivity ratio (NEAR) quantification of the degree of disorder imparted by Urbach tails
has been introduced and used to guide evaluation of Tauc plot fitting quality.
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