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Processing effects on microstructure in Er and ErD2 thin-films 

Chad M. Parish, Clark S. Snow, Daniel R. Kammler, and Luke N. Brewer 

 

 Erbium metal thin-films have been deposited on molybdenum-on-silicon 

substrates, and then converted to erbium dideuteride (ErD2).  Here, we study the 

effects of deposition temperature (300 or 723 K) and deposition rate (1 or 20 

nm/sec) upon Er metal microstructure and subsequent ErD2 microstructure.  We 

find that low deposition temperature and low deposition rate lead to small Er 

metal grain sizes, and high deposition temperature and deposition rate led to 

larger Er metal grain sizes, consistent with published models of metal thin-film 

growth.  ErD2 grain sizes are strongly influenced by the prior-metal grain size, 

with small metal grains leading to large ErD2 grains.  A novel sample preparation 

technique for electron backscatter diffraction of air-sensitive ErD2 was developed, 

and allowed the measurement of ErD2 crystallographic texture.  Finer-grained 

ErD2 showed a strong (111) fiber texture, whereas larger grained ErD2 had only 

weak texture.  We hypothesize that this inverse correlation may arise from 

improved hydrogen diffusion kinetics in the more defective fine-grained metal 

structure, or due to improved nucleation in the textured large-grain Er. 
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1. Introduction 

 Long-term storage of the hydrogen isotopes deuterium (D) and tritium (T) 

is important for nuclear applications.  Hydrogen storage is often accomplished 

through the reaction of the hydrogen with a metal to produce a metal-hydride 

compound [1, 2].  Important long-term hydrogen storage matrices are uranium 

and alloys [3-7], LaNi5 and alloys [8-13], and erbium [14-21].     

 Erbium dihydride Er(H,D,T)2 is often produced in the form of 

polycrystalline thin-films on Mo metal or Mo//Si substrates [14-17].  These films 

are produced by electron-beam evaporating a layer of Er metal (100-1,000 nm 

thick) onto a Mo substrate or evaporated-Mo interlayer, followed by elevated 

temperature hydrogen loading of the Er film into nominal Er(H,D,T)2.0 

stoichiometry. 

 However, differences in processing will naturally lead to different 

microstructures in the final materials.  This will, in turn, lead to differing final 

properties of the films.  In this work, we will explore how grain sizes and 

crystallographic texture in Er and ErD2 thin-films grown on 100 nm Mo // (001) Si 

are affected by the substrate temperature and growth rate during Er-metal 

deposition.  We also describe a technique to prepare easily-oxidized ErD2 thin 

films for electron backscatter diffraction. 

 

2. Experiment 

2.1 Film growth 

 Starting materials were 1 cm  1 cm squares of silicon in (001) orientation, 
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approximately 500 m thick.  Mo was grown by electron-beam evaporation at 

450°C substrate temperature and 1 nm/sec to thicknesses of 80-110 nm.  

Following the Mo deposition, Er metal was electron-beam evaporated to 

thicknesses of 500-550 nm.  The Er evaporation occurred at low substrate 

temperature 25-35°C, or at higher temperature, 450°C.  Evaporation rates were 

either 1 or 20 nm/sec.  Thus, a matrix of four conditions was created: high or low 

substrate temperature at fast or slow growth rate. 

 Then, samples from each condition were subjected to elevated 

temperature loading with deuterium to a nominal composition of ErD2.0, all 

loading under identical conditions.  Thus, a total sample matrix of eight sample 

conditions were produced: high (450°C) and low (25-35°C) substrate 

temperature, at fast (20 nm/sec) and slow (1 nm/sec) growth rate, in either Er 

metal or ErD2 form.    Therefore, the only differences in the hydride sample matrix 

were the prior-metal processing and structure; the deuterium loading conditions 

of all samples were identical; in fact, the samples were deuterium loaded 

simultaneously in a single run.  We summarize these conditions and provide 

nomenclature in Table I. 

 

2.2 Grain size & texture measurements 

 Transmission electron microscopy (TEM) samples were prepared in cross-

section from the wafers using an FEI DB-235 dual-beam focused ion beam / 

scanning electron microscope (FIB/SEM) instrument.  Milling was at 30 keV 

followed by 5 keV polishing.  Samples were lifted out and placed on carbon-
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filmed copper support grids.  We obtained bright- and dark-field micrographs 

using a Phillips CM30 instruments at 300 keV. 

  Er metal grain sizes were measured by acquiring centered-dark-field 

cross-sectional TEM images.  Grain areas were measured using ImageJ 

software, and then converted to equivalent grain diameters. 

 We have shown FIB milling of ErD2 films on silicon produced good quality 

foils for TEM analysis [14].  However, a FIB-cut TEM foil will typically be about 5 

m in extent, and we found this foil size to be of the same order of the hydride 

grain size the present hydride samples, and thus these samples had insufficient 

sampling density to extract statistically useful data.  

 Electron backscatter diffraction (EBSD) in SEM is a technique capable of 

measuring grain sizes and textures from large areas at high resolution, and is 

more appropriate for ErD2 samples whose grain size is comparable to the size of 

a TEM foil.  However, ErD2 films are sensitive to air exposure and oxidize easily 

[14].  EBSD is also sensitive to surface state, and ErD2 films examined by EBSD 

in plan view (electron beam striking the surface of the film) showed poor quality 

data, likely due to a thin near-surface oxide layer forming [14] and preventing the 

formation of backscatter diffraction patterns.  This data is therefore unsuitable for 

grain size or texture measurement.  Standard metallographic cross-sectioning 

techniques could not be used due to the likely reaction of the film with water or 

solvents containing even small amounts of humidity.  Thus, a dry vacuum-based 

sample preparation technique was needed. 

 Samples were prepared in cross-section by cleaving and ion-polishing.  
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This is illustrated schematically in Figure 1.  First, the 1 cm  1 cm silicon 

substrate (Figure 1a) is cleaved.  This typically yields cross-section faces with 

angles ~45° to the sample normal (Figure 1b).  If such angled faces are not 

obtained by cleaving, the sample can be beveled on 1200 grit sandpaper to this 

approximate angle.  The cleaved half where the substrate slopes away from the 

film (i.e., left half, Figure 1b) is then waxed onto a sample puck and inserted into 

a JEOL SM-09010 cross-sectional ion polisher.  A sputter-resistant hard-mask is 

lowered over the edge of the sample as illustrated in Figure 1c.  An argon ion 

beam is then used to ion-mill the sample, leaving a large (~1-2 mm width) 

polished flat (Figure 1d).  Polishing conditions were typically 10 hours at 5.0 keV, 

90-110 mA, followed by 3 hours at 2.5 keV, 15-25 mA.  Polishing chamber base 

pressure was ~510-4 Pa, and operating pressure 210-3 to 610-3 Pa.  2.5 keV 

finish polishing improved the EBSD hit rates compared to 5.0 keV finish 

polishing. 

 Samples were then removed from the polisher vacuum and inserted into 

the SEM chamber.  After air exposures ~2-10 min, the hydride samples still 

provided acceptable indexing percentages (~50%) in EBSD.  However, storage 

of these samples in air for more than about 1 hour resulted in a total loss of 

EBSD patterns from the film.  As such, all EBSD data presented in this work 

were obtained on samples transferred immediately from the polishing chamber to 

the SEM chamber.  EBSD was performed in a Zeiss Supra VP55 field emission 

SEM equipped with an HKL Technologies Channel 5 EBSD system.  Beam 

voltage was 20 keV and step sizes were 50 or 100 nm, with 20 msec integration 
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averaged 5-10.  Figure 2 shows a typical SEM cross-section with the sample 

EBSD coordinate system marked.  Hydride grain sizes were measured as the in-

plane width at one-half of the film thickness.  Because EBSD is a rastered, 

serially-acquired technique, sample drift is unavoidable at the long dwell-times 

and fine pixel spacing necessary to examine small, defective grains like ErD2.  

The fast-scan directions of the EBSD maps were in the plane of the film, so 

sample drift, when present, will not appreciably distort measurements in the fast-

scan direction.  However, due to drift, grain areas and thus equivalent diameters 

could not always be measured, as was the case for the Er metal.   

 Texture measurements were also performed via X-ray diffraction.  XRD 

data were collected on a Bruker D8 Discover diffractometer equipped with an 

Eulerian cradle, Goebel mirrors on both primary and diffracted beam sides, a Cu 

X-ray source, and a scintillation detector.  In order to obtain texture information 

from the Er metal samples data was collected over a range of Chi (), Phi () and 

2.  A 1 mm pinhole snout was placed after the primary beam Goebel mirror and 

a 0.6 mm fixed width receiving slit was placed between the Goebel mirror and the 

scintillation detector on the diffracted beam side.   was advanced in 6° 

increments from 0 to 72 °. At each position of ,  was advanced in 6° increments 

between 0 and 354°. /2 scans between 28.5 and 34.46 ° in 2 (0.04° step size 

and 1 sec count time) were then collected at each combination of  and .  Pole 

figures for the Er (100), (002), and (101) peaks were then extracted from these 

data sets for each Er metal sample.  For the ErD2 samples /2 scans were 

collected between 20 and 80 ° in 2 with a 0.04° step size and 1 s count time.  
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Fixed width 0.6 mm slits were used on both primary and diffracted beam sides for 

the /2 scans.  In some cases the /2 scans for the ErD2 samples had to be 

repeated at  = 3° to limit the intensity of the Si (400) substrate peak which was 

very intense. 

 

3. Results 

3.1 Er-metal films 

 Figure 3 shows representative bright-field TEM data from the four Er-metal 

samples.  The Metal/Low samples (top row) show narrow, columnar grains, ~20 

nm in diameter, but not extending through the full ~500 nm film thickness.  The 

Metal/High samples (second row) show much wider grains, several hundred nm 

in diameter, which are columnar and extend through the film thickness.  A bright-

field/dark-field image pair of sample Metal/Low/Slow is shown in Figure 4.  Table 

II gives grain diameter measurements for the four samples.  The Metal/Low (25-

35°C) samples' grain diameters are significantly smaller than the Metal/High 

(450°C) grain sizes.  The 20 nm/sec samples appear to have slightly larger grain 

sizes than the 1 nm/sec samples, but this difference is minor. 

 X-ray texture data indicated that the Metal/Low samples had random 

textures, and the Metal/High samples had mixed (101) and (002) fiber textures.  

The Er metal samples did not provide usable EBSD signals.  EBSD is limited to 

grain sizes on the order of 50-200 nm and larger, depending on the sample 

material, microscope resolution, and operating conditions.  Therefore it was 

necessary to use TEM to measure the Er-metal grain sizes and XRD to measure 
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the texture.   

 

3.2 ErD2 films 

 Figure 5 shows typical Z-direction inverse pole figure (IPF) maps from the 

four hydride samples.  The first observation is that the grains are columnar, so 

grain sizes in the growth direction are the film thickness, 500-600 nm.  The raw 

EBSD maps show 20+% non-indexable (black) pixels in the film. Noise-reduction 

was performed on the data in Figure 5, filling in these isolated black pixels with 

data calculated from the surrounding pixels using 5-nearest-neighbor algorithm in 

HKL's Tango software, in order to better differentiate the grain boundary 

locations. 

 Grain width results for the ErD2 films are summarized in Table III.  These 

results indicate that the low-deposition-temperature samples showed significantly 

larger grain widths than the high-deposition-temperature samples.  At either 

temperature, the fast-deposition-rate samples had slightly larger average grain 

sizes than the low-deposition-rate samples.  Grain widths in any sample are 

highly variable, resulting in the large standard deviations.   

 The Hydride/High/Slow sample's grain width was also measured via TEM 

and were comparable to the results from EBSD.  The grain width was 0.70.4 m 

via TEM and 0.90.5 m via EBSD.  Due to the large hydride grain sizes, TEM 

was again not an ideal technique for these measurements.  However, this result 

indicates that TEM and EBSD measured grains sizes can be reasonably 

compared. 
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 Figure 6 shows the Y-direction IPF maps for Hydride/Low/Slow and 

Hydride/High/Slow.  The Hydride/High/Slow (Figure 6b) and Hydride/High/Fast 

samples (not shown) indicate strong (111) fiber textures.  The Hydride/Low/Slow 

(Figure 6a) and Hydride/Low/Fast samples (not shown) did not indicate 

particularly strong textures.  Pole figure calculations quantitatively confirm these 

qualitative results.  The pole figures for the Hydride/High/Slow sample are shown 

in Figure 6c.  The pole figure shows a strong (111) peak ( >8 random) very near 

the Y- (growth) direction.  The slight deviation from exact (111) || growth direction 

is likely due to a slight misalignment of the sample with respect to the SEM 

chamber coordinate system.  Because EBSD texture measurements are based 

on small numbers of grains, it is possible for a particularly large grain to bias 

texture calculations.  X-ray diffraction was used to verify the EBSD texture 

measurements.  The /2 XRD pattern collected from the Hydride/Low/Slow 

sample appeared similar to a calculated random texture pattern. The /2 XRD 

pattern collected from the Hydride/Low/Fast sample showed a weak (002) out-of-

plane texture.  These results are consistent with the EBSD results.  /2 XRD 

patterns collected from the Hydride/High/Slow and Hydride/High/Fast samples 

showed very sharp (111) out-of-plane textures. These results are also consistent 

with the EBSD data. 

 

4. Discussion 

4.1 Er-metal films 

4.1.1 Expected behavior 
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 The effect of growth parameters on deposited thick- and thin-film 

microstructures has been discussed and reviewed by many authors [22-26]; the 

seminal paper for metal thin-films was that of Grovenor et al. [27], and the 

specific case of Er-thin films was studied by Savaloni et al. [28, 29] and Gu et al. 

[30].  These references suggest structure-zone models (SZMs), in which the 

structure of the polycrystalline thin-film is determined by processing parameters, 

primarily the homologous substrate temperature during deposition, defined as 

TS/TM, where TS is the substrate temperature in kelvins and TM the melting point 

of the film material in kelvins.    

 The SZMs suggest four general regions of TS/TM behavior.  At low TS/TM, 

typically TS/TM<0.2, "Zone 1" behavior manifests.  This regime shows small 

grains, typically a few 10s-100s of nanometers in size.  This results from a high 

nucleation rate for grains but limited adatom mobility.  Individual grains may be 

separated by pores or voids.  Columnar grains [24] and equiaxed grains [27] 

have been described for this regime.  A strongly preferred orientation is not 

expected [26].  At slightly higher TS/TM, typically 0.3~0.5, "Zone 2" behavior 

manifests.  Here, bulk diffusion begins, and a clear columnar structure is 

observed, with grain diameters typically less than the film thickness.  The grain 

boundaries do not show pores or voids.  A preferred orientation, such as <002>-

axis orientation in hexagonal materials like Er, will also be expected [26].  

Between Zone 1 and Zone 2 exists "Zone T" (for "transition"), with approximate 

TS/TM 0.2-0.3, where the structure is intermediate between the Zone 1 & Zone 2 

behavior.  This zone is defined by adatom surface mobility but very limited bulk 
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diffusivity.  "Zone 3" behavior begins at higher TS/TM, typically > 0.5, where large 

numbers of grain boundaries are mobile and grain growth will be pronounced, 

leading to larger grain structures, often with abnormal grain growth.   

 Growth rate effects, in addition to substrate temperature effects, have also 

been noted.  For Er-metal films, it was found that for higher TS a higher growth 

rate lead to larger grain sizes in many cases [28]. 

 

4.1.2 Comparison to experiment 

 Our Er-metal results (Section 3.1) are generally consistent with these 

structure zone models.  The Metal/Low samples were grown at ~25-35°C (~300 

K).  The melting point of Er is 1522°C (1795 K), so TS/TM  0.17.  For the 

Metal/High samples, the growth temperature was 450°C (723 K), so TS/TM  0.40.  

This would imply upper Zone 1 behavior for the Metal/Low samples, and middle 

Zone 2 behavior for the Metal/High samples.   

 The Metal/Low samples showed roughly columnar grains with small 

equivalent diameters ~100-200 nm, and a few tens of nanometers in column 

width.  This is consistent with Zone 1 to borderline Zone T behavior and is 

expected from the high nucleation rate and very limited surface mobility of 

adatoms at ~300 K.  Grain heights were typically less than the thickness of the 

film, indicating renucleation over the course of growth.  Previous work has 

attributed this behavior to imperfect vacuum resulting in segregated impurities 

[22, 28, 29, 31]. 

 The Metal/High samples showed mostly columnar grains with equivalent 
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diameters ~300 nm.  This is consistent with the higher adatom mobility 

associated with the 723 K growth temperature.  Further, the Metal/High/Fast 

sample did show slightly larger grain sizes than the Metal/High/Slow sample, 

which is consistent with previous deposition-rate results.  Texture measurements 

showed a (101) and (002) fiber texture in the 450°C samples, also consistent 

with the Zone 2 SZMs.   

 

4.2 ErD2 films 

 First, we re-emphasize that all of the hydride samples underwent the 

same hydriding treatment; the only differences in hydriding were the starting Er-

metal film structures.  Thus, we shall assume that all differences seen in hydride 

structure result from the structure inherited from the Er-metal deposition step, 

which was discussed above in Section 4.1. 

 While the Er-metal behavior follows standard models, the ErD2 behavior is 

more puzzling.  As seen in Table III, the Hydride/Low samples have larger grain 

sizes than the Hydride/High samples.  As seen in Table II, the Metal/Low 

samples have significantly smaller grain sizes than the Metal/High samples.  

Thus, the hydride films grown from fine-grained metal show significantly larger 

hydride grain sizes than films grown from larger-grained metal films.  Figure 7 

shows this inverse relationship in grain sizes.  It is a very interesting question 

why large prior-metal grains should result in small hydride grains, and vice versa.  

We summarize the structural evolution in Figure 8. 

 Although we cannot yet confirm what atomistic process is responsible for 
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this result, we can present hypothetical models for future experimental testing.  

When growth is favored in comparison to nucleation, grain sizes tend to be larger 

than when nucleation is favored over growth.  The Hydride/Low samples appear 

to show that growth is favored over nucleation in comparison to the Hydride/High 

samples.  Because the Metal/Low samples have larger densities of grain 

boundaries, voids, and other defects, it is possible that these defects are acting 

as high-diffusivity paths and allow faster transport of deuterium for enhanced 

growth rates.  Future studies involving interrupted transformations at different 

times may help elucidate the microscopic behavior leading to these observations 

and confirm or refute this hypothetical model. 

 It is also interesting to note that the metal samples which showed random 

texture (Low/Slow and Low/Fast) also showed no or only weak crystallographic 

texture in hydride form, and that the metal samples that showed fiber textures 

also showed fiber texture in hydride form.  These texture results suggest that the 

hydride nuclei inherit their texture from the prior-Er grains' texture.  Because the 

prior-Er texture was a mixed <101> and <002> fiber, but the ErD2 showed a 

single <111> fiber, this may also indicate that metal grains with one texture or the 

other are more favorable for heterogeneous nucleation of hydride grains.  

Because the (002) Er and (111) ErD2 planes are close-packed, the texture 

selection is probably (111) ErD2 templating off (002) Er; this inference is likely but 

not proven at present.  This texture selection could imply easier nucleation which 

could contribute to the smaller grain size of the textured hydrides, in addition to 

the previously mentioned possibility of faster hydrogen diffusion and growth in 
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the large-grained hydrides.  Additionally, Gu et al. [30] noted that under certain 

conditions, the earliest stages of Er-metal growth would proceed as FCC-ErH2.  

Hypothetically, if such a situation obtained in the Metal/High samples but not 

Metal/Low samples, and this small volume fraction of hydride persisted through 

metal growth to the beginning of deuterium loading, this pre-existing hydride 

volume fraction might serve as ready-made nucleation sites for ErD2.  If the 

above-proposed interrupted-growth experiments indicate hydride nucleation at 

the substrate, rather than some other location, the possibility of pre-existing 

hydride in the metal starting structure would need to be explored in more depth.  

Cross-sectional energy-filtered TEM plasmon-loss spectrum imaging in a 

monochromated instrument with a high-resolution energy filter would likely be an 

effective means to image such pre-existing hydride nuclei, if present. 

 Unlike growth of metal thin films (Sec. 4.1.1), there is little literature to 

guide us in understanding the mechanisms for conversion of a metallic thin film 

into a hydride thin film.  The primarily studied example system is Pd-capped Mg / 

MgH2, but most studies in this system emphasize kinetic effects of hydrogen 

unloading, rather than microstructural evolution during hydrogen loading.  

Kelekar et al. noted that textured polycrystal Mg transformed to MgH2 faster than 

epitaxial single-crystal Mg [32], although this could not be definitively attributed to 

faster hydrogen diffusion in the polycrystal Mg, which we hypothesize to be 

present in our finer-grained Er materials.  It has also been noted that textured Mg 

can result in textured MgH2 [32, 33], which seems to also be the case in our 

ErErD2 transformations.  Work on uranium hydride [34] has also found the 
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hydriding kinetics and hydride structure to be very sensitive to the starting 

metallurgical structure. 

  

5. Conclusions 

 Er-metal thin-films were deposited on Mo//Si substrates at high and low 

substrate temperature at fast and slow deposition rates.  Higher substrate 

temperatures and faster deposition rates correlated with larger grain sizes.  The 

results are consistent with published structure-zone models for thin-film Er-metal 

deposition. 

 Deposited metal films converted to ErD2 showed significant differences in 

hydride grain size depending on the prior-metal structure.  Counterintuitively, 

smaller metal grain sizes correlated to larger hydride grain sizes and vice versa, 

possibly due to improved hydride growth kinetics in the highly defective finer-

grained metal starting structures or due to easier hydride nucleation in the texture 

metal.  Strong (111) fiber textures were observed in finer-grained hydride 

samples.   

 Finally, we described a dry, ion-based preparation method for making 

cross-sectional SEM/EBSD samples of the air-sensitive hydride films.  We 

obtained good results from carefully prepared samples, despite the strong 

tendency to form oxidized surfaces that interfere with Kikuchi-pattern formation in 

EBSD. 
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Figures 

 

Figure 1: Schematic of sample preparation procedure.  (a) Starting sample is 

turned upside down.  (b) Sample is cleaved, yielding inclined faces along the 

cross section.  (c) Sample is ion-polished, yielding (d) a smooth, clean film cross-

section for EBSD measurements.  Figure is not to scale; samples are ~10 mm 
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wide and ~0.5 mm thick, and the film is ~ 510-4 mm thick. 

 

 

Figure 2: An in-lens-detector SEM cross-section shown along with the sample 

coordinate system, sample Hydride/Low/Slow. 

 

 

 

Figure 3: Representative bright field micrographs of the four Er-metal samples.  
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Figure 4: Representative bright-field/dark-field image pair of the Metal/Low/Slow 

sample, illustrating the grain size measurements. 
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Figure 5: Z-axis IPF maps of the hydride samples.  Note the small and large 

grains in each sample; this causes the large standard deviations in grain size 

measurements. 

 

 

Figure 6: (a) Hydride/Low/Slow and (b) Hydride/High/Slow Y-direction IPF maps.  

(c) Hydride/High/Slow pole figures. 
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Figure 7: Hydride grain widths as a function of prior-metal grain diameters.  Note 

8 difference in scale between ordinate and abscissa. 

 

 

Figure 8: Schematic summary of the observed microstructural evolution through 

processing. 

 

Tables 

Table I: Sample matrix and nomenclature. 

Deposition Temperature Deposition rate Material Designation 

25-35°C 
(Low) 

1 nm / sec 
(Slow) 

Er metal Metal/Low/Slow 
ErD2 Hydride/Low/Slow 

20 nm / sec 
(Fast) 

Er metal Metal/Low/Fast 

ErD2 Hydride/Low/Fast 

450°C 
(High) 

1 nm / sec 
(Slow) 

Er metal Metal/High/Slow 
ErD2 Hydride/High/Slow 

20 nm / sec 
(Fast) 

Er metal Metal/High/Fast 

ErD2 Hydride/High/Fast 
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Table II: Er grain sizes.  <D>, mean grain diameter; s(D), grain diameter standard 

deviation.  N, the number of grains contributing to the measurement. 

 Equivalent diameter Number 
 <D> ± s(D) N 
 m  

Metal / Low / Slow 0.12 ± 0.03 40 
Metal / Low / Fast 0.15 ± 0.04 69 
Metal / High / Slow 0.33 ± 0.09 28 
Metal / High / Fast 0.34 ± 0.10 38 

 

Table III: ErD2 grain sizes.  <W>, mean grain width; s(W), grain width standard 

deviation.  N, the number of grains contributing to the measurement. 

 Grain width Number 
 <W> ± s(W) N 
  m   

Hydride / Low / Slow 3.0 ± 2.4 52 
Hydride / Low / Fast 3.2 ± 3.0 67 
Hydride / High / Slow 0.9 ± 0.5 32 
Hydride / High / Fast 1.7 ± 1.2 17 

 




