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The optical band gap of ZnO has been measured as a function of temperature using Electron Energy-

Loss Spectroscopy (EELS) in a (Scanning) Transmission Electron Microscope ((S)TEM) from

approximately 100 K up towards 1000 K. The band gap narrowing shows a close to linear depen-

dency for temperatures above 250 K and is accurately described by Varshni, Bose-Einstein, P€assler

and Manoogian-Woolley models. Additionally, the measured band gap is compared with both optical

absorption measurements and photoluminescence data. STEM-EELS is here shown to be a viable

technique to measure optical band gaps at elevated temperatures, with an available temperature range

up to 1500 K and the benefit of superior spatial resolution. Published by AIP Publishing.
https://doi.org/10.1063/1.5023316

I. INTRODUCTION

The band gap is a fundamental property of semiconduc-

tors, and control and manipulation of the optical band gap is

of increasing interest both from a scientific view and for

development of new applications.1–3 This has led to the field

of band gap engineering, where the optical band gap is

manipulated through alloying or nanoscale modification of

the structure.

Optical band gaps are typically monitored by either

absorption or luminescence of light in the infrared to ultravio-

let spectral range.4 The achievable lateral resolution of these

types of techniques is, however, limited by the wavelength

of the light. Hence, the growing interest in band gap engineer-

ing on the nanometer scale is therefore posing certain chal-

lenges to these optical characterization methods, where the

signal is effectively spatially averaged. A recent trend is to use

Scanning Transmission Electron Microscopy (STEM) in com-

bination with Electron Energy-Loss Spectroscopy (EELS). If

the EELS experiment is set up to allow only small momentum

transfer, the measured energy loss spectra in EELS correspond

closely to the optical absorption coefficient as measured in

optical absorption spectroscopy, and the optical band gap can

similarly be found from the onset of energy loss.5 Previously,

these energy loss onsets have been mapped with excellent spa-

tial resolution using STEM-EELS, thereby allowing direct

access to the optical band gap at the length scales relevant to

modern semiconductor device nanostructuring and band gap

engineering.1,6–8

The band gap energy is predetermined by the structure and

the chemical composition of the material and can be affected

by factors such as pressure (strain/stress) and temperature.

Increasing the temperature typically leads to a decrease in the

band gap energy, caused by a combination of thermal lattice

expansion9,10 and the temperature-dependency of the electron-

phonon interaction.11–13 This effect becomes particularly

important when the device in question is intended to operate at

elevated temperatures.14 Knowledge of temperature depen-

dence of the band gap is also essential for controlling the

desired electrical and optical properties through thermal proc-

essing, e.g., the point defect formation energy depends on the

change in the band gap, which indirectly influences the result-

ing electrical properties and dopant diffusion behavior of the

material.2,15–17

It is challenging to measure the optical band gap values at

elevated temperatures with conventional methods, especially

with emission-based techniques such as photoluminescence

(PL) and cathodoluminescence (CL).18–20 CL may in some

cases also probe band gap variation with spatial resolution on

the nanoscale; however, the non-radiative recombination of

electron-hole pairs, and/or thermal quenching of radiative

channels, effectively limit the emission of light, and thereby

also the suitability of these techniques at elevated temperatures.

In order to obtain the band gap values at elevated temperatures,

one option is then to extrapolate the low temperature data to

high temperatures by the use of various empirical models for

the temperature dependency. These models include the

Varshni, P€assler, Bose-Einstein, or Manoogian-Wooley mod-

els.21–29 However, high-temperature extrapolation based on

these models is highly questionable, as small differences in

low-temperature data result in wildly differing extrapolated

values, and an unacceptably large scatter in predicted band

gap energies.18,20,30–36 Absorption based techniques are, on the

other hand, not limited by temperature; however, very few

studies exists for temperatures above 800 K.19 As these temper-

atures are relevant to thermal processing,37 accurate knowledge

of the optical band gap may be crucial, which illustrates the

importance of direct measurements at relevant temperatures.

In this work, we demonstrate the capability of EELS

to determine the temperature-dependent optical band gap of

wide band gap materials over a large temperature range, which

can be combined with high resolution recordings. This is
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exemplified by zinc oxide (ZnO), which is a technologically

important wide band gap oxide with promising properties for

optoelectronic applications—potentially working at elevated

temperatures. The material is known to have a strong depen-

dence of the band gap as a function of temperature,38 and

therefore provide a good test case for developing the tech-

nique. ZnO is also technologically important in its own right

and as a platform for a variety of alloys, such as MgZnO39 and

CdZnO,40 and thus accurate knowledge and control of optical

parameters is imperative. Here, we determine the temperature

dependence of the optical band gap up towards 1000 K, and

the corresponding fitting parameters for the most widely used

band gap models are precisely extracted. The results are com-

pared with optical absorption measurements and literature

data, demonstrating that the current approach can achieve both

high precision and good accuracy, thereby pointing towards

future applications where the optical band gap of nanostruc-

tured devices can be investigated at both relevant length scales

and temperatures.

II. EXPERIMENTAL

The in-situ cooling experiments were performed with a

Gatan 636 Liquid Nitrogen cryoholder. The dewar was evac-

uated and baked out for several hours to provide maximum

cooling and temperature stability. The in-situ heating experi-

ments were performed with an FEI NanoEX single tilt

MEMS based heating holder,41 with a temperature readout

accuracy listed at 4%, and a temperature precision on the

order of 0.1 K. In both cases, TEM specimens were prepared

by crushing a high quality single crystal of ZnO from Tokyo

Denpa in ethanol in a mortar before being deposited on stan-

dard holey carbon copper grids and the dedicated heating

chips of the NanoEX holder. During the experiments, par-

ticles of different sizes, thicknesses, and at different loca-

tions were used in STEM-EELS measurements to avoid

potential artefacts.

The EELS experiments were performed using an

FEI Titan G2 60–300 kV transmission electron microscope

equipped with a monochromator and a probe corrector. With

the monochromator strongly excited, high energy resolution is

obtained at the expense of beam intensity. The microscope

was operated at the lowest acceleration voltage of 60 kV

in order to increase the interaction cross-section, thus increas-

ing the EELS edge intensity relative to the background, in

addition to reducing the generation of Cherenkov radiation.42

The STEM convergence angle was set to 30 mrad, and the

electron energy loss was measured with a Gatan Quantum 965

GIF with a collection angle of 27 mrad. With a dispersion of

0.01 eV/channel, the system energy resolution was found to be

approximately 110 meV, as measured by the full-width-half-

maximum (FWHM) of the zero-loss peak (ZLP); the direct sig-

nal originating from electrons passes through the sample with-

out any significant energy loss. The exposure time was set to

around 0.001 s, as a compromise between increasing the sig-

nal-to-noise ratio and avoiding reduced energy resolution due

to fluctuations caused by external electromagnetic fields.

The temperature dependency was obtained by measuring

STEM-EELS at predefined temperature steps, with a large

time span between each step in order to stabilize the tempera-

ture and the sample drift. The STEM-EELS acquisition was

set up to collect spectral images, where full spectra were col-

lected at each pixel within a two-dimensional raster scan

across the sample. Directly after each acquisition, the spectral

images were corrected by normalizing with the dark current

in order to suppress variances in detector gain. Each individ-

ual spectrum in the 2D scan was calibrated by aligning the

zero-loss peak at 0 eV, and the spectral images were summed

to produce a single spectrum for each temperature step. The

background, consisting of a large tail from the ZLP, was sub-

tracted in each temperature step by fitting a model for the

background to the intensity immediately in front of the edge,

and extrapolating it beyond the edge onset. A fitting range of

0.3 eV was used, and both the standard decaying power-law

model and a linear model were tested. The two models gave

no significant difference in the extracted band gap, and in the

end, the linear model was used for the whole data set.

Temperature-dependent measurements of photolumines-

cence (PL) and band-edge absorption were carried out in the

range 10 K–325 K by employing a closed-cycle He refrigera-

tor system and using a 325 nm wavelength cw He-Cd laser as

an excitation source. The transmittance spectra were recorded

with a fiber optic spectrometer (Ocean Optics HR4000, spec-

tral resolution 0.2 nm), transformed into absorption spectra,

and the optical band gaps were found by extracting the edge

onsets using Tauc plots.43 In optical emission and absorption

experiments, ZnO material in the form of a thin film grown

by Molecular Beam Epitaxy (MBE) and a bulk crystal (com-

mercial hydrothermally (HT) grown ZnO wafer) has been

examined.

III. RESULTS AND DISCUSSION

In order to determine a suitable temperature range for the

band gap measurements, a ZnO particle was monitored by

STEM as a function of increasing temperature. The STEM

observation indicated that morphological changes start to

occur at temperatures above 1100 K, and at 1300 K, the parti-

cle appears entirely decomposed, as shown in Fig. 1. Hence,

to avoid sample degradation during the heating experiments,

the upper limit for the temperature was set to about 975 K.

Furthermore, the effect of local beam heating was inves-

tigated using the script by Mitchell and Bertram, based on

the beam heating equation developed by Egerton.44 With rel-

evant parameters and ZnO properties,45,46 the local heating

of the converged STEM beam was estimated to be less than

0.1 K, and thus is negligible.

Typical results of the temperature-dependent EELS mea-

surements after background subtraction are shown in Fig. 2. A

full-scale raw EEL spectrum is illustrated in the inset, where

a characteristic step-like feature (marked by a shaded rectangu-

lar region) is related to electron transitions from the valence

to conduction band. Considering the room temperature (RT,

300 K) spectra in Fig. 2 as reference, one can observe that cool-

ing down to 100 K blue-shifts the energy-loss edge towards

higher energies, which is consistent with band gap broadening,

and also steepens the edge. Conversely, when heating the

sample to 875 K, the onset red-shifts, i.e., lead to band gap
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narrowing, while also showing a less steep edge. To ensure

that high-temperature treatment of the sample in vacuum did

not affect the ZnO material properties irreversibly, EELS was

measured at RT both before and after heating to 975 K. This is

indeed confirmed in Fig. 2, where the heat treatment left the

edge unaffected in both shape and position.

For materials with a direct band gap, the onset of the

electron energy-loss is related to the optical band gap. This

is similar to the onset of absorption in optical absorption

experiments, which are commonly analyzed by Tauc plots.

Correspondingly, the assessment of the optical band gap in

EELS relies on curve fitting the energy-loss edge within a

suitable range to identify the onset. In the following, we will

assume that the band structure of ZnO can be described by a

parabolic valence band and a conduction band separated by a

direct gap Eg. Then, considering all direct transitions, the

equivalent to a Tauc method in EELS is given by5

IðEÞ½ �2 ¼ cðE� EgÞ; (1)

where I(E) is the measured signal intensity as a function of

energy loss E. One important distinction between optical

experiments and EELS is that transitions with significant

momentum transfer can occur in EELS. In principle, this can

cause the shape of the energy loss intensity to deviate from

the model in Eq. (1). However, we have previously8 found

that this model gives a high goodness of fit (R2 > 0.97) for

ZnO, and furthermore that the extracted band gap is close to

that found by optical methods.1 With c and Eg as fitting

parameters, the curve fit of Eq. (1) to the spectra in Fig. 2

results in extracted onset values of 3.33 eV at 100 K, 3.28 eV

at RT, and 3.06 eV at 875 K (R2 > 0:98 for all analyzed

spectra).

A series of 7 measurements were performed at RT on

different particles and under slightly different experimental

conditions to statistically validate the results, yielding the

average onset of 3.27 eV with a standard deviation of 0.01 eV.

This agrees well with the commonly reported ZnO optical

band gap value at RT by UV-visible absorption methods.47

The measurements were performed on particles with different

sizes in the range from approximately 50 nm towards 200 nm

(measured on a thin part of the particle). With small particles,

quantum confinement may influence the band gap; however,

this effect has previously been observed in particles below

15 nm.48,49 As the particles in this work are 50 nm and larger,

no size dependency with onset was observed, as expected.

Additionally, the standard deviation found here is similar to

the accuracy of the energy calibration, which is 0.01 eV by

the experimental dispersion. Hence, this is a reasonable esti-

mation for the uncertainty in the band gaps.

Figure 3 shows the temperature-dependency of the

ZnO onset measured by EELS in the range 100–975 K. The

error bars represent the standard deviation, as found above.

Similar temperature-dependencies of the ZnO optical band

gap reported in the literature using the two most common

methods are also included; references using PL (which refers

to the A exciton peak position)18,30–36 and optical absorption

spectroscopy20 are also presented in the plot, along with the

corresponding extrapolation to higher temperatures. A small

difference in offset between the experiment and some of the

results in the literature can be observed and is discussed

below, whereas the relative shift is measured accurately com-

pared to the extrapolations of the literature data. As expected,

the values from previous studies recorded at low temperatures

and extrapolated towards higher temperatures scatter over

a large range, e.g., in a range from 2.75 up to 3.15 eV at

1000 K. In other words, measurement at the relevant tempera-

ture is necessary. In contrast, the STEM-EELS provides

experimental data for the ZnO onset up towards 1000 K, with

a value of 3.01 eV at 1000 K.

One of the very few measurements of the ZnO optical

band gap performed at elevated temperatures was done by

Hauschild et al.19 Only the relative shift in the optical band

gap is presented, where a relative shift of approximately

�0.33 eV in the range 100–800 K is observed. This is com-

parable to the EELS results, where we find a relative shift of

�0.24 eV in the same temperature range.

From the results shown in Fig. 3, the necessity of highly

accurate modeling parameters is obvious. The band gap vari-

ation with temperature is usually attributed to thermal lattice

expansion and temperature-dependent phonon-electron inter-

action, and here, common temperature-dependent band gap

FIG. 1. STEM annular dark field images of a representative ZnO particle

(marked by the red circle) at 300 K and at 1300 K, where it gets

decomposed.

FIG. 2. Background-subtracted EEL spectra at different temperatures, and

before/after the heating experiment (squared intensity). The inset shows the

raw EEL spectrum at 100 K (log scale) with background fitting.
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models are reviewed in detail. At elevated temperatures, the

band gap Eg shifts linearly with temperature T, and can

accordingly be fitted as

EgðTÞ ¼ Egð0Þ � aT: (2)

At lower temperatures, a quadratic dependency with temper-

ature is expected,11 and this is indeed observed on the low-

temperature side of the EELS results. For the linear function

in Eq. (2), one can choose to avoid this region and perform

the fitting only at higher temperatures, as shown in Fig. 3.

Alternatively, the empirical Varshni expression21 is by far

the most commonly used to fit the temperature-dependent

band gap, by

EgðTÞ ¼ Egð0Þ � a
T2

T þ b
; (3)

where a and b are fitting parameters. Yet, another frequently

used approach is to employ the Bose-Einstein relation22–24

EgðTÞ ¼ Egð0Þ � a
HE

eHE=T � 1
; (4)

which is based on the phonon-electron interaction. Here,

the Einstein temperature HE is related to the Debye temper-

ature by HD ¼ 4
3
HE. Using the temperature dependence of

the optical band gap found by EELS as input, the resulting

fit parameters of these models are listed in Table I. Here, the

linear fit above 250 K results in the gradient of 0.38 meV/K,

which is assumed to be a good estimate for further interpola-

tion and extrapolation of high-temperature band gaps of

ZnO. However, with the full range of the data set, the Bose-

Einstein fit reaches a higher goodness-of-fit (R2) and may

therefore be the preferred model. Furthermore, the fitted

Einstein temperature of Eq. (4) suggests a Debye tempera-

ture of 519 K. As the Debye temperature for ZnO is reported

in the range from 416 K50 up to 920 K,51 this shows good

agreement between our results and theoretical estimates

for HD.

Less commonly used, but more advanced models, can

also be applied to the temperature-dependent ZnO band gap.

The model proposed by P€assler introduces an additional fit-

ting parameter, and is given by25,26

EgðTÞ ¼ Egð0Þ �
aHP

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2T

HP

� �q

q

s
� 1

2
4

3
5; (5)

where p and HP are empirical parameters. Alternatively, as

proposed by Manoogian and Woolley, the Bose-Einstein

model can be improved by including a term for the thermal

lattice expansion, which can be expressed by27–29

EgðTÞ ¼ Egð0Þ � UTs � V
HE

eHE=T � 1
(6)

with s as the exponent of the thermal lattice expansion with

coefficient U. The fitted parameters of these models are also

listed in Table I. As seen by the range of 95% confidence

intervals, the error is higher as compared to the simpler models

described above. Hence, these models may be less suitable to

describe the EELS measurements, which may be assigned to

the lack of data below 100 K. However, from the fit of Eq. (6),

the Debye temperature becomes HD¼ 617 K, which again

compares well with the range of theoretical estimates.50,51

Figure 4 shows the temperature-dependent band gap values

from EELS measurements up to 300 K, along with the fitting

curves using the models described above. With the obvious

exception of the linear fit, all models capture the weaker depen-

dency on the temperature of the band gap observed when the

FIG. 3. Temperature dependent band gap of ZnO assessed by different tech-

niques. EELS edge onset energy as a function of temperature, with the linear

fit above 250 K. References from optical absorption (ABS) onset energy20

and photoluminescence (PL) exciton A emission energy18,30–36 within the

corresponding measured temperature range (lines), and extrapolation from

the curve fits (dashed).

TABLE I. EELS fitting parameters for the temperature dependency of the ZnO band gap. The values in parentheses are 95% confidence intervals of the fitting.

Fit type Eg (0) (eV) Gradient (meV/K) Other fit parameters R2

Equation (2) (Linear) 3.38 (3.37, 3.39) a ¼ 0.36 (0.35, 0.38) … 0.995

Equation (2) T> 250 K 3.39 (3.38, 3.40) a ¼ 0.38 (0.37, 0.39) … 0.995

Equation (3) (Varshni) 3.35 (3.34, 3.36) a ¼ 0.41 (0.37, 0.45) b ¼ 215 (80, 350) K 0.996

Equation (4) (B.-E.) 3.34 (3.33, 3.34) a ¼ 0.40 (0.38, 0.42) HE ¼ 389 (273, 506) K 0.997

Equation (5) (P€assler) 3.33 (3.32, 3.33) a ¼ 0.38 (0.37, 0.39) q ¼ 39 (�462, 540) 0.997

HP ¼ 338 (296, 380) K

Equation (6) (M.-W.) 3.35 (0.05, 6.64) U ¼ 0.82 (�881, 883) s ¼ 0.58 (�173, 174) 0.997

V ¼ 0.37 (�11.2, 11.9) HE ¼ 463 (�1518, 2444) K
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temperature is reduced below 200 K. In addition to the EELS

measurements, the results of optical transmission spectroscopy

have also been included. The optical transmission spectroscopy

measurements were carried out on a thin film sample grown by

MBE and on a bulk ZnO sample. The results in Fig. 4 show

that the EELS results agree well with the transmission spectros-

copy results.

Interestingly, there is a variation in the optical band gaps,

both between the EELS results and the literature as shown in

Fig. 3, but also from transmission spectroscopy measured on

different samples shown in Fig. 4. The observed variation may

be linked to several effects, or a combination thereof; e.g., the

strong excitonic features of ZnO are known to interfere with

the assessment of the band gap, and depending on the broad-

ness of the exciton, this typically leads to a lower onset in

absorption measurements than PL. Differences may also origi-

nate from the ZnO material, either due to impurities and

defects, or potentially due to geometrical differences between

the studied samples. Furthermore, differences originating from

the characterization technique and/or the probing depth, where

emission, absorption, spectroscopic ellipsometry, etc., all may

interact differently with the material, may also lead to a certain

variation. Finally, the band gap extraction method could also

lead to differences, especially related to Tauc plots.47 Thus,

the variation in the reported band gaps is a topic of studies on

its own.4,47,52 However, as can be seen from Figs. 3 and 4, the

measured data in this study fall well within the range of exper-

imentally reported band gaps in the literature.

In summary, the EELS results of ZnO show a clear shift in

the optical band gap with temperature, which is also evident

from the raw data. This shift is found to be reversible with tem-

perature within the studied temperature range, from approxi-

mately 100 K to 1000 K. This further supports that the observed

change originates from changes in the band gap. Prospective

models have been fitted to the measured band gap as a function

of temperature and result in good fits between the models and

the experimental data. As the band gaps are also well within

the range of band gaps found by other techniques in the litera-

ture, we conclude that EELS can successfully be used to deter-

mine band gaps as a function of temperature. Finally, it can be

noted that the full potential of STEM-EELS can be attained by

exploiting the nanoscale spatial resolution of band gap mea-

surements, which opens up avenues for the measurement of

small features and nanostructures which cannot be obtained

with the comparable optical techniques.

IV. CONCLUSIONS

STEM-EELS has been proven to be a successful tech-

nique for the determination of optical band gaps and its varia-

tion with temperature in a wide range. This has been validated

by measurements on ZnO from 100 K to 1000 K, and several

well-established models were applied for fitting the measured

temperature dependencies, yielding relevant parameters for

accurate prediction of the ZnO band gap development. Here,

we find that for temperatures above 250 K, the band gap can

be linearly fitted by a gradient of 0.38 meV/K. While this work

demonstrates the correspondence between EELS and more

conventional methods based on optical absorption and emis-

sion, the nanoscale spatial resolution of STEM-EELS provides

a unique opportunity for measuring nanostructures that is not

available with any other technique.
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