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Sputter deposited amorphous Ge thin films had their nanostructure altered by irradiation with high-

energy Arþ ions. The change in the structure resulted in a reduction in medium range order (MRO)

characterized using fluctuation electron microscopy. The pulsed laser crystallization kinetics of the

as-deposited versus irradiated materials were investigated using the dynamic transmission electron

microscope operated in the multi-frame movie mode. The propagation rate of the crystallization

front for the irradiated material was lower; the changes were correlated to the MRO difference and

formation of a thin liquid layer during crystallization. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953153]

The structure-property relationships of amorphous group

IV semiconductors such as germanium (a-Ge) have attracted

wide research interest over the past decades.1–4 The materi-

als have great technological significance because of their

broad range of applications, and understanding of their struc-

tural transformations provides key scientific insights for

those systems with similar covalently bonded networks.

Pulsed laser-induced crystallization is a common method to

evolve the nanostructure in a-Ge, as it can produce a large

variety of microstructural features, including a range of grain

sizes and textures.5–7 It is also a highly localized process,

ideal for the semiconductor industry where operations on a

patterned substrate are common and the surrounding materi-

als may react to heating differently. Laser processing with its

short duration has the additional advantage of putting the

material in a far-from-equilibrium state, creating phases not

accessible via other methods.4,7–9

It has been shown that the crystallization behavior of

amorphous semiconductors can vary significantly based on

their preparation methods3,10 and thermal treatment history.11

In particular, the differences have been linked to the changes

in the medium range order (MRO) of the materials. The MRO

extends beyond the nearest neighbor atom and has a typical

length scale of 1–3 nm. The MRO has been shown to be pres-

ent in many amorphous materials including a-Ge,3,10–14 and

can be altered by post-processing such as thermal anneal-

ing,3,11,14 ion and electron irradiation,3,12,14 and mechanical

stress.3 The MRO is critical to crystallization behavior as its

length scale corresponds to roughly the subcritical nucleus

size in a classical crystallization theory.11

While the classical theory is successful at describing

solid-state transformation at slow rates, it has been reported

that the laser-induced rapid crystallization of a-Ge is facili-

tated by the formation and propagation of a thin, undercooled

liquid layer.9,15–18 The effect of MRO on liquid-mediated

crystallization has not been well understood so far. Figure 1(a)

shows a typical bright field transmission electron microscope

(TEM) image of a laser-crystallized region of 33 nm a-Ge thin

film supported on a 20 nm amorphous silicon nitride (SiNx)

membrane. Following the nomenclature of previous stud-

ies,7–9 we divide the different microstructures of the crystal-

lized region into three zones. The nanocrystalline central

region, zone I, is formed within the hottest part of a Gaussian-

profile laser that results in extremely high nucleation rates.

Surrounding zone there is a region of large grains that extend

outward, radially for up to several microns (zone II). Beyond

zone II, there is a region of complex microstructure with mor-

phology suggesting a tangential growth direction (zone III). In

this study, we focus on the effect of MRO on the kinetics of

zone II growth, where nucleation rate is low and extremely

rapid, liquid-mediated growth occurs.7–9

Previous time-resolved in-situ TEM measurements have

shown that during the pulsed-laser crystallization of a-Ge,

zone II growth proceeds with a radial velocity of �8–12 m/s,

much faster than typical solid-state diffusion controlled trans-

formations.4,8,9 Such speed also requires a temporal resolution

well beyond the capability of a traditional CCD camera inside

a TEM. We use the dynamic transmission electron micro-

scope (DTEM) at Lawrence Livermore National Laboratory

(LLNL) to image the crystallization process in real time. The

DTEM is a modified JEOL 2000FX TEM equipped with

photo-cathode that is stimulated by a pulsed laser to achieve

pulsed electron photoemission. Each pulse, which may be

20 ns–50 ns (or more) in duration, generates enough electrons

to form an image of the sample at the desired time step of the

crystallization process. It operates in the “movie-mode,”

where up to 9 laser pulses with inter-pulse delay which may

be varied from tens of nanoseconds up to hundreds of micro-

seconds strike the photocathode. A fast electron deflector

positioned after the microscope projector lens defects each

of the 9 images to a different portion of a 2k� 2k CCD,
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resulting in a 9-frame “movie” of the irreversible laser crys-

tallization process. A detailed description of the DTEM can

be found elsewhere.19,20

For the in-situ laser crystallization experiment, we pre-

pared our a-Ge thin film by DC magnetron sputtering.

33 6 1 nm of a-Ge was sputtered at room temperature onto

commercially available TEM grids with a SiNx window of

20 nm thick, 0.25� 0.25 mm in size. The base pressure of

the sputtering process was less than 1� 10�7 Torr. We main-

tained a 3 mTorr of Ar flowing at 28 sccm and 6 W of power

on the Ge target during the deposition, resulting in a growth

rate of �0.73 nm/min. Film thickness was measured with a

ZYGO NewViewTM 7300 profilometer.

In order to alter the MRO of the a-Ge thin films, we irradi-

ated them at liquid nitrogen temperature with 500 keV 40Arþ

ions with a constant dose rate of 1012 ions cm�2 s�1. The 4

MV ion accelerator (National Electrostatics Corporation,

model 4UH) at LLNL was used for ion beam modification.

To improve thermal contact, the samples were attached to a

Ni sample holder with conductive Ag paste. All irradiations

were performed in a rastering mode to ensure dose

uniformity over the implanted area. The total dose rate was

4� 1014 ions cm�2, corresponding to 2.3 displacements per

atom (DPA). For the given irradiation condition, >99.5% of

Arþ ions penetrates completely through the a-Ge thin film,

calculated with the TRIM code (version SRIM-2013.00, full

cascade calculations),21 assuring that any observed differen-

ces will not be due to residual Ar remaining in the film as a

result of ion bombardments.

We use the technique of fluctuation electron microscopy

(FEM) to measure the MRO in the various a-Ge samples.

The FEM is based on the statistical analysis of the scattering

data from the TEM. The existence of MRO increases the

spatial variation of scattering intensity (i.e., bright and dark

spots in a diffraction pattern) at k-vectors that correspond to

planar-like spacings; this gives FEM the unique sensitivity to

MRO in otherwise diffraction amorphous materials.10,12,13,22

We perform the FEM experiments in the scanning (STEM)

mode, where we form a coherent electron probe of 1–3 nm

in diameter (FWHM) and collect hundreds of localized dif-

fraction patterns as the electron probe rasters over the sam-

ple. We then calculate the normalized variance of the

diffraction intensity as

V k; r;Qð Þ ¼ hI
2 k; r;Qð Þi
hI k; r;Qð Þi2

� 1; (1)

where k is the diffraction wave vector, r is the position on

the image, Q is the electron probe size in the reciprocal

space, and h…i represents the ensemble average of all dif-

fraction patterns. A higher variance means an increase of

MRO in the material. More detailed descriptions of the FEM

technique can be found elsewhere.22,23

We carried out the FEM measurements on the Zeiss

Libra microscope at the National Center for Electron

Microscopy (NCEM) at the Molecular Foundry at Lawrence

Berkeley National Laboratory (LBNL). The Libra operates

at 200 kV in STEM mode and we formed a 2.0 6 0.1 nm

(FWHM) electron probe with a convergence half-angle of 1.0

mrad using a 1.5 lm condenser aperture. Figure 2 shows the

FEM spectra of as-deposit and ion-bombarded material with

the inset comparing the traditional, large-area diffraction

intensities of the two samples. While the large-area diffrac-

tion intensity remains the same after ion bombardment, the

reduction in variance peak magnitude clearly shows a reduc-

tion of MRO in the bombarded sample. Previous studies have

shown that amorphous diamond-like materials (Si, Ge) are

poor glass formers with MRO extending beyond 1 nm;3,13,14

our FEM measurements are consistent with the reported

results. As the variance peak magnitude decreases yet the

peak height ratio remains relatively constant in the bom-

barded material, we interpret the reduction of MRO in the

bombarded film as Arþ ions displacing Ge atoms that form

ordered clusters (MRO). This effect is more pronounced for

FIG. 1. (a) Bright field TEM image of

the 33 nm as-deposited a-Ge thin film

after crystallized by a single 3.3 lJ

laser shot. The center of the laser

creates zone I, which has many sub-

micron grains. Zone II has radially ori-

ented grains extending over many

microns. Zone III has grains oriented

tangentially. (b) Time resolved images

over the circled region in (a) at the

time step, relative to the specimen

laser heating, indicated on each frame.

The migration of zone II crystallization

front is clearly visible and marked by

the dotted line.
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the destruction of smaller ordered regions, resulting in the

overall reduction in volume fraction of the ordered region,

while the size of the larger clusters remains comparable as

suggested by simulation results by Bogle et al.,24 and Khare

et al.25 A similar observation is also reported by Haberl et al.,3

where a-Si obtained from same-specie implant amorphization

shows lower MRO than sputter deposited sample.

For the in situ crystallization kinetics measurements in

the DTEM, we use 3.3 6 0.2 lJ laser pulses to induce the

crystallization. The laser pulses are generated by a frequency

doubled Nd:YAG laser (532 nm, spatially Gaussian with

90 6 5 lm 1/e2 diameter, temporally Gaussian 12-ns FWHM

duration), directed onto the sample at �42� to the sample

normal. Each crystallization event was imaged using nine

20-ns electron pulses with 50 ns delay between each pulse.

To account for the incubation time for nucleation and zone I

growth, we introduced a delay of 340 ns between the speci-

men laser and the first electron pulse. We positioned our field

of view to image zone II formation at 1500� magnification,

and could clearly track the position of the crystallization front

at different time steps (Fig. 1(b)). In this “movie,” the crystal-

lization front appeared in the field of view at �500 ns after

the specimen laser pulse, and moved across a region of

�4 lm over �350 ns. We captured several movies of the

crystallization process for both as-deposit and ion-bombarded

materials.26 Due to the stochastic nature of nucleation, some

movies are shorter than nine frames as the formation of zone

II in our field of view occurred well after the 340 ns imaging

delay. For all crystallization events, all three zones formed

and the size ratio of zone I versus zone II is roughly constant,

indicating consistent experimental condition throughout.

Figure 3 shows the growth front position as a function

of time for both as-deposited and bombarded samples. Each

symbol and line fit corresponds to an individual crystalliza-

tion event and the number at the end of each line corresponds

to the growth front velocity (slope of the line) measured in

m/s. The last digit in parentheses indicates the uncertainty of

the slope. Data from each crystallization event are shifted

arbitrarily in the vertical direction for clarity. The observed

velocities are within the range of previously reported values

of 8–12 m/s.4,8,9,27 The weighted average shows that the

crystallization front velocity of the bombarded film is

10.5 6 0.7 m/s, whereas the as-deposit film has the velocity

of 12.0 6 0.9 m/s. The 95% confidence interval of the veloc-

ity difference is 1.5 6 0.9 m/s, clearly suggesting a statisti-

cally significant reduction in crystallization velocity upon

ion bombardment.

To analyze our experimental observations, we may frame

it in the materials energy state argument. One might suggest

that the exposure to high-energy ion radiation would elevate

the energy state of a specimen. Indeed, studies have shown

that amorphous material obtained from ion implantation

undergoes structural relaxation upon annealing, whereas sput-

ter deposited materials do not.3,14 According to the classical

phase transformation theory, materials at a higher energy

state, which leads to the larger thermodynamic driving force

for crystallization, will crystallize at a faster rate. However,

our result clearly shows that the bombarded material, result-

ing in less MRO, exhibits the slower zone II crystallization

front migration. We hypothesize that these discrepancies are

mainly due to a combination of the following two factors.

First, while there are many reports on implantation amorph-

ization from bulk crystalline materials, less focus is put on

the structural/energetic variation in thin films of an already-
amorphous material by the ion radiation. In particular, the mi-

croscopic interactions between the bombarded ions and the

disordered atoms are not well understood when the majority

of the ion kinetic energy is expected to escape the sample as

FIG. 2. FEM variance spectra of the as-deposit versus ion-bombarded a-Ge

thin films. A clear reduction in variance for the bombarded material indi-

cates reduced medium range order. The inset shows the intensity profiles of

the two materials being virtually indistinguishable under traditional, large

area diffraction. Both the FEM variance and diffraction intensity have broad

peaks centered at k� 0.29 Å�1 and k� 0.52 Å�1, matching the structural

factor maxima. The first peak occurs at k-value smaller than the (111) Bragg

condition of crystalline Ge (0.306 Å�1), which is consistent with a slightly

dilated interatomic spacing/reduction of density in the amorphous materials.

FIG. 3. Position of zone II crystalliza-

tion front as a function of time for (a)

as-deposited a-Ge and (b) after bom-

barded by Arþ. Time¼ 0 corresponds

to when the laser hits the specimen.

Each symbol corresponds to an indi-

vidual crystallization event and is fitted

to a straight line. The number is the

crystallization front migration velocity

(slope of the line) in m/s, with the

number in the parentheses indicating

the uncertainty on the last digit.
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in our case. Therefore, the resulting energy state of our ion-

bombarded material cannot be directly determined by the pre-

viously reported analyses on the ion implantation.

Second, our laser-induced crystallization involves a thin

liquid layer existing at the amorphous/crystalline phase

boundary. It has been reported that the rapid zone II growth

at �10–12 m/s during pulsed laser crystallization is caused

by the formation and migration of a liquid layer ahead of the

crystallization front.9 Therefore, the pulsed laser crystalliza-

tion is indeed the combination of the concurrent amorphous-

to-liquid and liquid-to-crystalline phase transitions. In con-

trast to the conventional crystallization process (i.e., direct

amorphous-to-crystalline phase transformation), the overall

crystallization rate can be significantly influenced by the

kinetic behaviors of the liquid layer. In our case, a change in

the MRO may alter the kinetics of the melting behavior of

the amorphous phase and thus lead to the pronounced change

in the growth rate.

To verify the possible mechanisms and rationalize our

hypotheses, we employ a phase-field model28,29 for simulat-

ing the crystallization process involving a thin liquid layer.

Computational details can be found in the supplementary ma-

terial S1.26 Our simulation results in Figure 4 establish two

major mechanistic understandings that support our proposed

hypotheses. First, the liquid layer provides enhanced mobility

and sensitivity of migration rates to the driving force for crys-

tallization Df. As shown in Figure 4(a), the interface migrates

much faster (�20 times) when the liquid phase is involved

due to the high interface migration mobility as expected.

More importantly, liquid layer-mediated crystallization rates

are more sensitive to the driving force Df as indicated by the

differing slopes in the figure. These results indicate that the

liquid layer is likely to lead to the observed variation of the

rates of crystallization. According to our simulation results in

Figure 4(a), the larger driving force drives the faster interface

migration, which suggests that our ion-bombarded material

could have lower internal energy than the as-deposit material.

However, we caution that there could be additional physical

contributions to the kinetics of interface migration (e.g., ther-

mal property variation, chemical bonding characteristics vari-

ation, etc.), which can be altered by the ion bombardment.

The direct relationship between the MRO and the internal

energetics of an amorphous phase cannot be revealed by the

phase field approach. A more quantitative analysis would

require a thorough atomistic understanding of the effects of

the ion bombardment on the local atomic arrangement and

the accompanying free energy variation of an amorphous

material.

Second, the liquid layer lateral thickness evolution is

sensitive to the crystallization driving force Df. It indicates

the possibility of further impacts to the liquid layer on the

kinetic behavior of crystallization. In particular, as shown

in Figure 4(b), the thickness evolution exhibits highly non-

linear characteristics with time and Df. It should be noted

that these properties are the result of complicated interac-

tions between thermodynamic driving force relaxation and

the accompanying exothermic/endothermic reactions at the

relevant phase boundaries. Interestingly, we could identify

that the liquid layer thickness can reach a steady state

for a certain driving force regime (0.0454 � Df � 0.0468

in our case). For Df> 0.0468, the liquid layer thickness

increases as crystallization proceeds, while it decreases for

Df< 0.0454 and eventually disappears. After the liquid

layer is gone, we confirmed that the crystallization is

extremely sluggish. Therefore, we may further consider the

possible engineering strategies to control the liquid phase

behavior by changing the microscopic structures (or MRO)

of the prepared amorphous phase, which determines the

overall crystallization rates.

In summary, we have sputter deposited amorphous Ge

thin films, and altered their structural order by exposing

them to high energy Arþ ion radiation. Using fluctuation

electron microscopy, we confirmed a reduction of medium

range order in the ion bombarded material. We also used

the dynamic transmission electron microscope to record the

crystallization kinetics during in situ pulsed laser crystalli-

zation experiments. We were able to detect a correlation

between the change in order and the crystallization front

migration velocity during zone II growth, as the bombarded

material possessed both less order and slower crystalliza-

tion kinetics. Our phase-field simulations demonstrate the

possible roles of the liquid layer existing at the crystalline/

amorphous phase boundary, which adds more mobility and

sensitivity of the interface migration to the driving force for

crystallization. Further, our simulation results also suggest

the possibility of controlling the kinetics of crystallization

by modifying the structural order of prepared amorphous

materials.

FIG. 4. Phase-field simulations of

interface evolution: (a) simulated inter-

face migration rates as a function of

the driving force for crystallization, Df,
without and with a thin liquid layer at

the interface (for Df¼ 0.0440, the rate

is obtained only when the liquid layer

is retained) and (b) corresponding liq-

uid layer lateral thickness evolution

with time for different driving forces

for crystallization. All values are pre-

sented in non-dimensional forms.
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