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Abstract

An in situ pulsed heating atomic layer deposition (PH-ALD) technique is used to 

grow heteroepitaxial ZnO thin films on c-plane sapphire from temperature-sensitive 

metalorganic precursors. During metalorganic precursor delivery, the substrate is 

maintained at a base temperature of 110 ˚C to prevent thermal decomposition of the 

precursors.  After the substrate is sequentially exposed to the metalorganic precursor and 

water co-reactant at this low temperature, a high-power resistive heater is used to rapidly 

heat the substrate to between 400 and 900 ˚C to drive film crystallization. These in situ 

heat pulses enable epitaxial growth of (0001) ZnO films on c-plane sapphire. Rocking 

curves with FWHM of values as low as 0.53˚ are achieved.  In contrast, films deposited 

entirely at 110 °C appear random polycrystalline and post-deposition annealing to 900 °C 

achieves only partial “epitaxial character” with a notably different in-plane orientation. 

Variations in heat pulse temperature and the number of deposition cycles between heat 

pulses are explored.  Epitaxial growth persists up to 5 deposition cycles per heat pulse, with 

the 2- FWHM increasing to 1-2˚. To further reduce process times, a templating approach 

is also explored in which a limited number of “template” layers are initially deposited with 

PH-ALD followed by low-temperature ALD at 110 °C. Epitaxial growth is encouraged 

with as few as 5 cycles of PH-ALD followed by 495 cycles of low-temperature ALD.  

Crystal quality further improves by using up to 50 template cycles, with a 2- FWHM of 
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1.3˚. Epilayers also show enhanced photoluminescence (PL) at room temperature. These 

results demonstrate how in situ pulse-heating can be used to promote epitaxial film growth 

in ALD processes using temperature-sensitive metalorganic precursors.
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1. Introduction

Atomic layer deposition (ALD) is a common processing technology for 

microelectronics manufacturing that is capable of depositing thin films with a high degree 

of thickness control and conformality.1 A key characteristic of ALD is the use of sequential, 

self-limiting, complementary reactions to grow films in a step-wise manner. In 

conventional isothermal ALD processes, the phase and density of the final film are 

primarily determined by the precursor selection and the deposition temperature.2 Since the 

“ALD window,”3 defined as the temperature window where ALD-mode growth proceeds, 

is narrow for many precursors, controlling film structure often requires post-deposition 

annealing (PDA). However, PDA operates by bulk diffusion processes and does not exploit 

the intrinsic layer-by-layer growth of ALD. Other thin film growth techniques, particularly 

MBE, MOCVD, and PLD operate at growth temperatures exceeding 600 °C, which enables 

registration of the newly deposited layer to the underlying structure.  Herein, we examine 

the use of short heat pulses after each ALD cycle to drive surface diffusion processes to 

encourage registration to the underlying crystalline structure. We term this process 

“pulsed-heating” ALD (PH-ALD).  

The concept of using “heat pulses” during an ALD process has been previously 

reported for a limited number of material systems.  Conley et. al.4-5 and Nabatame et. al.6 

have examined the use of pulsed heating in the ALD deposition of HfOx and HfAlOx films.  

When compared to ALD with post-deposition annealing, these researchers showed that in 

situ rapid thermal lamp anneals lowered dielectric leakage currents and increased film 

density. Langston et. al. examined in situ annealing during ALD of TiO2 films and found 

that pulsed heating could drive the formation of a nanocrystalline structure.7 These 
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researchers used a method called flash-lamp annealing (FLA) ALD, where a high-powered 

xenon flash lamp irradiates the surface of a growing film between each ALD cycle. Henke 

et. al. also used FLA to densify a growing ALD Al2O3 film.  These researchers found that 

in situ annealing increased film density by 10%, a value that could not be achieved with a 

600 °C PDA alone.8  However, to our knowledge, no reports exist in the open literature for 

using pulsed heating in an ALD process to drive epitaxial growth of a thin film.

One challenge of prior PH-ALD systems is the added engineering complexity 

required to integrate high power heating into an ALD reactor. In this work, we implement 

a simpler PH-ALD system designed around a small, high-power resistive heating element 

to alternate between a conventional isothermal ALD cycle and a heat pulse. To validate 

this system, we explore heteroepitaxial growth of ZnO on a c-plane sapphire (Al2O3) 

template.  We choose this as a model system because epitaxial growth of ZnO is well-

studied and reported in the open literature.

ZnO is a well-established material with applications in solar energy, photocatalysis, 

and piezoelectricity9-11 and has been grown epitaxially with a number of techniques, 

including PLD12, MBE13-16, PED17, MOVPE18 and MOCVD19. Unlike most other ALD-

grown films, ZnO is typically crystalline as deposited,2 growing in the wurtzite phase. Prior 

work on hydrothermally-grown ZnO nanowires has shown that ALD ZnO can grow 

homoepitaxially on a ZnO seed layer.20 Recently, Elam et. al.21 demonstrated high quality 

ALD homoepitaxial growth of ZnO using standard diethylzinc and water precursors at 

deposition temperatures of 120-200˚C, which was attributed to the slow, layer-by-layer 

growth process intrinsic to ALD.  ZnO has also been grown heteroepitaxially using ALD 

on substrates with different lattice mismatches -  SiC22 (6%), GaN23-26 (1.8%), and c-
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sapphire (18.4%).27-29 However, these prior heteroepitaxy systems were grown via high 

temperature, isothermal ALD using temperature-stable inorganic precursors. One study 

from Yang et. al. reported the grow of epitaxial ZnO on c-plane sapphire at 200 °C and 

observed improving crystallinity with post-deposition anneals up to 800 °C.30 As such, 

being able to access similar heteroepitaxial systems with conventional, industrial 

metalorganic precursors, such as diethylzinc (DEZ), expands the potential for ALD as an 

epitaxial growth technique.  In this report, we describe the first use of PH-ALD to grow 

ZnO heteroepitaxially on c-sapphire and show how the process can be used for templating 

to enable follow-on homoepitaxial growth.

2. Experimental

2.1 Deposition Conditions

PH-ALD deposition was conducted in a specialized home-built PH-ALD reactor 

with a custom Go software modeled after an existing LabVIEW code.31 The reactor used 

a conventional hot-wall reactor design using a stainless steel cross as the reaction zone 

(Figure 1a).  Nitrogen (99.999% purity, Airgas) was used as the carrier gas at a constant 

flow rate of 60 sccm, resulting in a chamber pressure of 1.7 Torr. For all PH-ALD 

processing, the chamber and all process lines were maintained at a constant temperature 

of 110 ˚C. An AlN/W high-power heater (Oasis Materials) with an area of 1 cm2 was 

attached to copper wiring through an electrical feedthrough. Sapphire substrates were 

attached to the heater and temperature was measured with a type-K thermocouple using a 

stainless steel clip. Power was supplied to the heater using an external linear power 

supply set to constant current mode (B&K Precision). Figure 1b presents images taken 
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through the chamber cross view port of a substrate during the heating and cooling phases 

of a heat pulse after a deposition cycle.  ESI Figure 1 reports characteristic thermal 

responses for the AlN/W heater with heat pulses of 5 s, 10 s, 15 s, and 20 s, 

demonstrating the ability to reach temperatures ranging from 700 ˚C to 1000 ˚C. <0001> 

oriented c-plane sapphire wafers (99.99% purity, MTI Corporation, “c-sapphire”) were 

cut into 1 cm x 1 cm samples as the ZnO deposition substrates. 

Figure 1. a) Schematic of PH-ALD chamber. b) Top-down photographs through chamber 

window looking at heater in (i) mid-heating state and (ii) 900 °C. c,d,e,f) Diagrams of thin 

film cross-sections schematically representing the c) isothermal ALD process, d) PH-ALD 

1:1 pT °C process, e) PH-ALD x:1 p900 °C process, and f) y/500-y 1:1 p900 °C PH-

ALD/isothermal ALD templating process.  Each horizontal bar represents an ALD cycle; 

the red arrows indicate when a heat pulse is applied; and the purple layers represent an 

ALD layer that experiences that heat pulse while on the growth surface.

Diethylzinc (DEZ, 95% min. purity) from Strem Chemicals (Newburyport, MA, 

USA) and deionized water were used as the precursor and co-reactant for PH-ALD of 

ZnO films. Each ALD cycle used a deposition sequence of 0.1 s DEZ / 30 s N2 purge / 
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0.1 s H2O / 30 s N2 purge, followed by a heat pulse sequence of tpulse / 180 s N2 purge. For 

all conditions, 500 ALD cycles were deposited. Growth per cycle (GPC) for all 

conditions were 0.14-0.18 nm/cycle, consistent with literature values (ESI Figure 2).4, 32 

As presented as schematics in Figure 1c-f, three different deposition series were 

explored: (1) varying heat pulse temperature (Figure 1d), (2) varying ALD:heat pulse 

interleave ratio (Figure 1e), and (3) PH-ALD templating (Figure 1f). We denote the PH-

ALD conditions as: “PH-ALD x:1 pT  ˚C”, where x denotes the number of ALD cycles 

prior to each heat pulse, and T denotes the peak pulse temperature. For the pulse 

temperature series (Figure 1d), films were grown at pulse temperatures between 400 ˚C 

and 900 ˚C with one heat pulse for every ALD cycle, PH-ALD 1:1 pT ˚C. For the 

interleave series (Figure 1e), all heat pulses were performed at 900 ˚C and the ratio of 

ALD cycles to heat pulses was varied from 1:1 to 5:1, PH-ALD x:1 p900 ˚C. For the 

templating series (Figure 1f), y PH-ALD cycles at a 900 ˚C pulse temperature and a 1:1 

interleave ratio were initially deposited on the substrate, followed by 500 – y isothermal 

ALD cycles at the base chamber temperature (110 °C). The value for y ranged from 1 to 

50. Control samples consisted of ALD ZnO films with no pulsed heating grown at 

110 °C, referred to as “isothermal ALD” (Figure 1c), and the same ALD ZnO films 

subjected to a 900 °C PDA in flowing N2 gas (99.99%+ purity) for one hour, referred to 

as isothermal ALD + PDA. Due to long deposition times of up to 30 hours, especially for 

PH-ALD 1:1, most ZnO films were only grown once or twice per condition.

2.2 Characterization

Spectroscopic ellipsometry (alpha-SE, J.A. Woollam) was used to measure film 

thickness. A GenOsc model with a Tauc-Lorenz oscillator was used as the model for the 
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ZnO layer with the sapphire substrate. High resolution X-ray diffraction (HR-XRD) was 

used to characterize the crystallographic orientation of the deposited films. XRD 

measurements were conducted on a PANalytical Empyrean XRD system using Cu-Ka 

radation, a BBHD source optic, and a PIXcel 2-dimensional detector. Calibration was 

conducted by first optimizing the height (Z) and inclination () to the sample. The system 

was then calibrated to the position of the sapphire crystal by optimizing , the normal 

inclination  (also referred to as ), and finally by 2-. From this position, 2- scans 

(corresponding to -2 geometry in other systems) and  rocking curves of the 002 ZnO 

peaks were taken. Off-axis -scans were then collected for both Al2O3  and ZnO  0118 1013

reflections. 17

Atomic force microscopy (AFM, Bruker Icon) was used to measure surface 

topography. A n-Si tip (MikroMasch Hq:XSC11/AL) was used with a resonant frequency 

of 155 kHz, amplitude setpoint between 375-390 mV, and a scan rate of 1 Hz over 1 µm x 

1 µm areas. The root mean square (RMS) roughness was calculated using NanoScope 

Analysis software. Room-temperature photoluminescence (PL) spectroscopy (Horiba 

Jobin Yvon HR800) with a 325 nm excitation laser was used to measure the optical 

properties of the films. 

3. Results and Discussion

3.1 Crystallography

2- scans for ZnO films prepared on c-sapphire substrates via (i) isothermal ALD 

(110 °C), (ii) isothermal ALD + PDA, and (iii) PH-ALD 1:1 p900 ˚C are presented in 

Figure 2. The isothermal ALD film (i) exhibits 2 peaks for both the ZnO 002 and 101 

Page 8 of 24Dalton Transactions



9

reflections, suggesting that the film is random polycrystalline as-deposited. After annealing 

the as-deposited ALD film to 900 °C for 1 h (ii), ZnO 002  reflection intensity increases 

significantly but the 101 reflection indicative of a non-epitaxial microstructure remains. In 

contrast, the PH-ALD film (iii) only exhibits a 002 reflection, suggesting that it is fully 

textured with its c-axis out-of-plane. Figure 2b plots the  rocking curves for the 002 ZnO 

reflections in each of these films to provide some sense of the film’s mosaicity. Here, the 

 rocking curve FWHM describes the degree of misorientation around the ZnO 002 

reflection, where narrower FWHM indicates a smaller distribution of tilts. The PH-ALD 

film has a rocking curve FWHM of 0.53°. This value is comparable to that grown by other 

techniques like pulsed electron beam deposition with a FWHM of 0.65°17 and radio 

frequency reactive magnetron sputtering with a FWHM of 0.47°,33 although considerably 

lower values are reported by PLD (0.048°)34 and laser MBE (0.004°).35 However, textured 

growth in the c-plane is a common growth habit for ZnO thin films,36 and thus, not 

sufficient to fully confirm its epitaxial in-plane alignment.  

Page 9 of 24 Dalton Transactions



10

 

Figure 2. a) 2- XRD scans of ZnO films grown on c-sapphire using (i) 110 °C isothermal 

ALD (bottom), (ii) isothermal ALD + PDA (middle) and (iii) PH-ALD 1:1 p900 ˚C (top). 

b) Plot of FWHM for the -rocking curves of the ZnO 002 peak for films preapared via 

isothermal ALD, PDA, and PH-ALD; the inset shows the rocking curve traces.

To fully confirm in-plane epitaxy, Figure 3 presents the off-axis XRD -scans. For 

the three conditions presented, (i) isothermal ALD growth, (ii) isothermal ALD with post-

deposition N2 anneal, and (iii) PH-ALD 1:1 p900 °C, the bottom trace is the Al2O3  𝟎𝟏𝟏𝟖

reflection from the sapphire substrate and the top trace is the  ZnO  reflection. As 𝟏𝟎𝟏𝟑

expected, the bottom traces demonstrate that the rhombohedral sapphire substrate has three 
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off-axis reflections spaced 120˚ apart from each other at the  inclination for the Al2O3 011

 reflection. The ZnO film grown via isothermal ALD (i) shows no reflections in the off-8

axis -scan when rocked to the  inclination for the ZnO  reflection, suggesting no 1013

preferred in-plane orientation as expected for a random poycrystalline material. In contrast, 

the PH-ALD film (iii) exhibits six well-defined off-axis peaks at this same  inclination, 

confirming a preferred in-plane orientation for this crystalline film.  Combined with the 

preferred out-of-plane orientation, we can conclude that these PH-ALD films have grown 

epitaxially on the c-plane sapphire substrates.  Furthermore, the  ZnO off-axis 1013

reflections in Figure 3 are 30° offset from the   Al2O3 reflections of the substrate.  0118

This in-plane off-set is the orientation commonly observed for epitaxial growth of wurtizite 

ZnO on c-plane sapphire with other film growth methods13, 15 and can be attributed to a ZnO

 epitaxial relationship. (0001)[2110]  // 𝐴𝑙2𝑂3(0001)[1100]

 Additionally, Figure 3 reveals that the isothermal ALD + PDA film (ii) also shows 

evidence for a preferred in-plane orientation.  While Figure 2 has already indicated that a 

portion of this film is not textured out-of-plane because the 101 reflection is observed, the 

off-axis -scan in Figure 3 (ii) suggests that the portion of the film that is [0001] aligned 

with the substrate normal includes crystallites that are also aligned in-plane with the 

sapphire substrate. However, in this PDA film, the in-plane orientation of the   ZnO 1013

reflections have no offset (0°) from the  reflections of the substrate.  This result 0118

implies a potentially different mechanism for in-plane templating.   A possible explanation 

is graphoepitaxy from the step-edges of the underlying sapphire substrate.  The step-edges 

of sapphire typically occur along the primary a-axis directions, and similar graphoepitaxy 

has been reported before for ZnO nanowires.37 Graphoepitaxy occurs when crystals that 
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want to grow textured out-of-plane become algined in-plane via physical constraints of the 

substrate.38 In this case, the sapphire step edges may act as physical constraints that drive 

in-plane orientation of the ZnO crystals.  Upon PDA, these oriented crystals preferentially 

nucleate and/or further crystallize from these step edges to create this in-plane orientation. 

 

Figure 3. Off-axis -scans for the Al2O3  reflection (bottom traces) and ZnO  𝟎𝟏𝟏𝟖 𝟏𝟎𝟏𝟑

reflections (top traces) for (i) isothermal ALD growth conditions, (ii) isothermal ALD with 

N2 anneal, and (iii) 1:1 p900 ˚C PH-ALD.

3.2 Varying of PH-ALD Growth Conditions

To investigate the effect of heat pulse temperature, ZnO films were prepared on c-

sapphire substrates with maximum pulse temperatures of 400 °C, 500 °C, 600 °C, 700 °C, 

800 °C and 900 °C.  For these depositions, heat pulses were again applied after every ALD 

cycle.  Figure 4a plots the 2- diffraction scans (top) and FWHM of the -rocking curves 

(bottom) for each of these films. Here, the control 110 °C isothermal ALD film is plotted 

as being at a pulse temperature of 110 ˚C.  We find that films grown with heat pulses of 

Page 12 of 24Dalton Transactions



13

400 °C, 600 °C, and 700 °C  show both 101 and 002 reflections, indicative of a non-

epitaxial polycrystalline microstructure.  In contrast, only the 002 reflection is observed for 

films grown with heat pulses of 800 °C and above. The -rocking curves show a generally 

decreasing FWHM with increasing pulse temperature, ranging from 3.5˚ at 500 ˚C to 0.5˚ 

at 900 ˚C, suggestive of an increase in crystal quality. With increasing pulse temperature, 

intra-planar diffusivity increases. We suspect that higher diffusivities cause both the ZnO 

seed layers to better align with the substrate and for the subsequent ZnO layers to align 

with the underlying homoepitaxial structure. Futher, in general, this is consistent with  

literature, where ZnO epilayers grown by other techniques also exhibit better crystal quality 

at higher growth temperatures.29

 

Figure 4. 2- scans (top) and FWHM of  rocking curves of the 002 ZnO peak (bottom) 

for (a) PH-ALD 1:1 films at different pulse temperatures, (b) PH-ALD films of varying 

[ALD cycles:heat pulse 900 °C] interleave ratios, (c) templated PH-ALD films, with y PH-
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ALD 1:1 p900 °C layers (noted in the annotations on the right) and 500 – y isothermal 

ALD layers at 110 °C. 

Next we investigate the importance of pulse heating after every ALD cycle.  

Presumably, one advantage to pulse heating after every cycle is that the newly deposited 

layer is still part of the “surface” such that its diffusion will occur via surface diffusion 

rather than bulk diffusion.  However the true “thickness” of each ALD layer is not always 

well defined, and we were curious to what extent this layer thickness affected atomic 

motion and crystal quality.  Thus, films were prepared with ratios of ALD-cycles-to-heat-

pulses of 1:1, 2:1, 3:1, and 5:1.  All heat pulses are to 900 °C.  Figure 4b plots the 2- 

scans (top) and  FWHM of the -rocking curves for these films (bottom). Isothermal ALD 

and PDA films are included in these plots as control references.  For all the interleave ratios 

examined, no non-epitaxial peaks are observed. However, -rocking curves have a clear 

increase in FWHM compared to the 1:1 reference.  This decrease in crystalline quality 

suggests that these thicker layers do reduce atomic mobility (lower diffusivity), likely due 

to atoms needing to undergo more bulk diffusion than just surface diffusion. 

Thirdly, we examine the use of an initial templating layer for “seeding” 

heteroepitaxial growth.  Since low-temperature isothermal homoepitaxy of ALD ZnO with 

DEZ and water precursors has been demonstrated,21 thin heteroepitaxial  layers grown by 

PH-ALD on c-sapphire are investigated as templates for subsequent homoepitaxial growth.  

In all cases 1:1 cycle-to-heating ratios are used with a maximum pulse temperature of 

900 °C. “y” layers of PH-ALD cycles are grown on the sapphire substrate, followed by 

500 – y isothermal ALD cycles at 110 °C.  Here, template cycles (“y”) of 1, 5, 10, 20, 30, 
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40, and 50 are investigated. Figure 4c plots the 2- scans (top) and FWHM of the 

rocking curves for these films (bottom).  For template thicknesses of 5 to 50 PH-ALD 

layers, only the 002 reflection is present, suggesting that even 5 template cycles is sufficient 

to promote epitaxial growth. The film with only a single PH-ALD template layer (y = 1) 

exhibits low-intensity 002 and 101 ZnO XRD reflections, suggesting polycrystallinity and 

small crystallite size. As shown at the bottom of Figure 4c, the FWHM values for the -

rocking curves generally decrease with increasing number of template layers.  No signal 

above background could be measured for the 1 cycle PH-ALD templated film. The FWHM 

decreases from 5.5˚ for the y = 5 template cycles to 1.3˚ for the y = 50 template cycles, 

indicating significant improvement in the film’s epitaxial quality.  Here, the improvement 

appears to plateau above about 40 template cycles and never reaches the FWHM value of 

about 0.5° observed for growth with 1:1 cycle-to-heating for all 500 layers.  Perhaps 

subsequent homoepitaxial growth at higher temperatures (150 °C to 200 °C) could be used 

to further improve crystal quality on these template layers.   

3.3 Surface Morphology

Figure 5 shows AFM micrographs of the surface morphology for the isothermal ALD, 

ALD + PDA, and several of the PH-ALD processed films. ESI Figure 3 provides AFM 

micrograph depth histograms for reference. The isothermal ALD films have an RMS 

roughness of 1.72 nm, similar to literature values.39-40 The ALD + PDA films garner a 

hexagonal morphology with apparently large lateral crystallite sizes of between 100-200 

nm and an RMS roughness of 2.09 nm.  Note that the edges of these hexagonal features 

appear to mostly align, suggesting preferrential in-plane alignment as also indicated by the 

-scan XRD data in Figure 3 (ii).  Note also that each of these large hexagonal features 
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contain much finer structural features (< 10 nm) within them, suggesting a possible 

substructure to these crystals.  In contrast, PH-ALD 1:1 p400 ˚C  and PH-ALD 1:1 p900 

˚C films clearly have much smaller overall crystallite sizes of 25 to 35 nm.These films have 

similar roughness to the PDA film, with the 400 ̊ C and 900 °C PH-ALD films having RMS 

roughnesses of 3.14 nm and 2.19 nm respectively over 1 m x 1 m areas. The 50/450 

templated film exhibits less well-defined morphological features, like the isothermal ALD 

morphology, but has evidence of small-grain crystals of similar size and surface roughness 

to the other PH-ALD films. The difference in morphology between the PDA and PH-ALD 

films further indicates the difference in their crystallization processes. 
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Figure 5. AFM images of surface morphology for: a) bare c-sapphire substrate, b) an 

isothermal ALD ZnO film grown at 110 °C on c-sapphire, c) isothermally grown ALD ZnO 

film grown on c-sapphire and then PDA at 900 °C in N2 for 1 h, d) PH-ALD 1:1 p400 ˚C 

ZnO film grown on c-sapphire, e) PH-ALD 1:1 p900 ˚C ZnO film grown on c-sapphire, 

and f) 50/450 PH-ALD templated ZnO film grown on c-sapphire. Images are from a 1 µm 

x 1 µm scan, with RMS roughness values calculated on a frame average basis and shown 

for each underneath the image.

3.4 Optical Properties
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Room temperature photoluminescence was performed on these ZnO films to 

determine how the differences in crystalline structure achieved with varying PH-ALD 

process conditions affect this photoelectronic property.  Prior works have demonstrated 

that epitaxial ZnO films grown at higher temperatures with improved crystalline quality 

show improved PL performance.41-42  Figure 6 plots the room temperature 

photoluminescence spectra for PH-ALD films with varying cycle-to-heating interleaving 

ratios.  All films exhibit a single emission peak centered at 3.30 eV.  This peak corresponds 

to band-edge emission of ZnO.28  The intensity of this emission peak increases with 

decreasing interleave ratios, further confirming the reported improvement in crystalline 

quality from the -rocking curves and indicating that heat pulses decrease residual 

impurities and dislocations.  The emission intensity from the PH-ALD 1:1 p900 °C 

epitaxial film exceeds the PL emission intensity of the isothermal ALD polycrystalline film 

by more than an order of magnitude.  The isothermal ZnO film that underwent PDA has an 

intermediate to high PL intensity, but its emission peak energy is offset from the PH-ALD 

films at 3.28 eV.  This shift in the emission energy is possibly due to a difference in 

crystallite size or strain state and is similar to the peak emission energy of the isothermal 

ALD film. The FWHM values of the PL emission for all ZnO films are approximately 0.1 

eV, which is consistent with what can be observed for room temperature PL of ZnO,43-45 

although far lower values have been reported by laser MBE.35  While more sophisticated 

measurements would be needed to identify the exact differences observed here for varying 

growth conditions, including low temperature PL measurements, these room temperature 

PL results do follow the generally expected trend of higher PL emission with improved 

crystal quality.   
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Figure 6. Room-temperature photoluminescence spectra for isothermal ALD, isothermal 

ALD + PDA, and interleaved PH-ALD ZnO films grown on c-sapphire.

4. Conclusions

PH-ALD was used to grow heteroepitaxial ZnO thin films on c-plane sapphire 

substrates using a high-power resistive heating stage. Pulse temperatures above 800 °C 

were shown to be necessary to eliminate non-epitaxial, polycrystalline film deposition. In 

general, higher pulse temperatures and more frequent pulses improved epitaxial quality, 

although reasonable epitaxy could be achieve with just 5 PH-ALD template cycles. While 

PDA of low-temperature isothermal (110 °C) ZnO films did achieve some in-plane 

alignment to the ZnO crystals, films never became fully epitaxial and interestingly the in-

plane orientation with the substrate was 30° offset from the PH-ALD films, suggesting a 

different crystallization templating mechanism, possibly graphoepitaxy. Morphologically, 

the PDA films had what appeared to be larger crystallites than the PH-ALD but also a 

potentially finer substructure.  Photoluminescence emission also generally increased with 

the crystalline quality of the PH-ALD ZnO films. These results demonstrate the utitlity of 
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PH-ALD as a means to impose epitaxial templating and manipulate crystallinity in an ALD 

process that is otherwise constrained to low temperatures due to the use of temperature-

sensitive metalorganic precursors. Further advances to this process technology will likely 

require better understanding how high-quality template layers can be grown such that 

process times can be kept shorter while still retaining good crystalline quality throughout 

the entire film. 
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