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Growth striations, as macrodefects of crystalline materials, are mainly caused by convection and temper-
ature fluctuations in growth interface. For decades, striations have been widely regarded as an inherent
problem. Even in the well-developed Czochralski method, the striation formation process is difficult to
inspect in situ. In view of this long-standing issue, after systematically studying the temperature, weight,
and output power during crystal growth and numerically modeling the growth process, we found that the
regularity of the growth interface electromotive force (GEMF) is related to the distribution of striations.
Furthermore, the GEMF quantifies interface fluctuations (711.2 s, 16.6 lm) and thermal hysteresis
(107 s), presenting finer details than those provided by a thermocouple and a load cell. In this paper,
GEMF is found to be an outstanding choice for monitoring the crystal growth status in real time. As an
additional feedback, a new automatic control method could be developed for reducing growth striations
and promoting crystal quality.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Despite recent progress in crystal growth techniques and the
great dependence upon macroscopic crystalline materials in the
sci-tech field, the growth of extremely homogeneous crystals is
still challenging. However, inhomogeneous solutes usually appear
as growth striations. As an inherent problem [1], striations are
essentially formed by spasmodic growth-rate variation [2–4] that
directly correlates with convection and temperature fluctuations.
In addition, as macrodefects of crystals, growth striations represent
insufficient quality. Specifically, striations can be divided into ther-
mal (including rotational striation) [5], macrostep-induced [6], and
instability-induced striations [1]. They are common problems
encountered in crystal growth that can be reduced but not eradi-
cated. To approach striation-free crystal growth conditions,
researchers have experimented with external fields such as ultra-
sound, magnetic fields, and even microgravity to suppress temper-
ature and convection fluctuations [4,7–11]. However, constrained
by the prolonged growth time of a single crystal and the change-
able growth environment, research involving growth striations
requires considerable patience. Usually, the results of each modu-
lation parameter can only be acquired at the end of the growth
cycle. Acquiring a single complete set of data may require months
of consecutive experiment, which makes such research scarce and
valuable. Obviously, the aforementioned works represent remark-
able progress; however, none of them has eradicated growth stria-
tions. Therefore, reducing striations has become a continuous and
costly pursuit in crystal industry. Although methods to reduce
growth striations have been developed, the in-situ feedback of stri-
ation formation process would dramatically shorten the research
cycle and have a tremendous impact.

This paper presents a method to analyze thermal striations in
real time during the Czochralski (CZ) crystal growth of congruent
lithium niobate (CLN). The formation process of striations is
revealed via electrical studies of the growth interface. The main-
stream automatic crystal growth method is well known to depend
on temperature, weight or image recognition. The automatic body
control of the as-grown crystal is achieved via a high-temperature
thermocouple and a high-precision load cell. In CZ method, a ther-
mocouple positioned beside the crucible cannot accurately reflect
the temperature of the growth interface; thus, the correlated out-
put power (OP) does not represent the optimal response. Such a
mechanism imperfection may induce an undetectable temperature
deviation in growth interface. However, in practice, installing an
additional contact transducer in growth interface is unrealistic.
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On the other hand, the non-contact measurement cannot meet the
level of rigor for crystal growth. Even the newly applied image
recognition method (charge-coupled device, CCD) [12,13] can only
present the crystal outline rather than the interface between the
solid and the melt. In addition to a thermocouple and a CCD, a load
cell is another standard configuration of current CZ equipment.
Subjected to the load range and resolution, the chosen load cell
already possesses the highest resolution (10 mg). Unfortunately,
it can barely detect tiny weight changes such as striation forma-
tion. Given the aforementioned considerations, the accurate obser-
vation of growth interface would appear to be unobtainable.
Nonetheless, because of the critical role of growth interface in
the occurrence of growth striations, the in-situ detection of growth
interface is currently a key issue in crystal industry.

To solve this problem, we have delved into an interesting phe-
nomenon in which an electromotive force (EMF) is generated in
the growth interface of CLN [14,15]. On the basis of well-
developed high-temperature Raman spectroscopy techniques, the
growth interface has been revealed to a thickness of microns,
detailing gradual changes in the microstructure [16,17]. To control
the domain and segregation coefficient, researchers previously
investigated the growth interface under an external electric field
[18,19]. In that case, the intrinsic EMF is regarded as a negligible
attachment. However, it plays the major role in the present work.
We have found a periodic potential fluctuation signal in the growth
interface electromotive force (GEMF, /GE). More interestingly, the
formation of growth striations and feeble fluctuations of OP, which
are undetectable by a thermocouple and a load cell, are closely
related to this periodic signal. As indicated in the literature
[15,20,21], GEMF is generated from the partitioning of oppositely
charged valence ions on both sides of the growth interface (crystal-
lization EMF, CEMF, /CE) and from the thermoelectromotive force
produced by the solid and liquid phases (thermal EMF, /tho) [15].
Specially, /tho is consist of the supercooling electromotive force
(SEMF, /scl) in growth interface and the Seebeck potential (/sbk)
between crystal and melt [21]:

/GE ¼ /tho þ /CE ð1Þ
/tho ¼ /sbk þ /scl ð2Þ
This electric potential is frequently used to calculate and

manipulate the segregation coefficient [22,23]; however, it barely
reveals striations and the condition of the crystal growth interface.
According to the strong correlation between the GEMF and the core
position of a growing crystal, and with the assistance of numerical
modeling, we deduced some important factors, including interface
fluctuations, transient growth speed and thermal hysteresis. More-
over, based on this discovery, the in-situ feedback of growth stria-
tions (which cannot be probed by image recognition, weight or
temperature methods) could be realized. In summary, the purpose
of the present work is to experimentally demonstrate a feasible
method for describing the growth striations using GEMF.
Fig. 1. (a) Schematic of the experimental platform. The potential (uGE) between the
platinum pulling rod and crucible was measured using a multimeter. (b) The uGE-T1
curve during the process of growth, hovering and melting. The crystallization EMF
(uCE) and supercooling EMF (uscl) can be obtained from the hysteresis potential
(uhys). (c) The measured uhys versus different growth speed (v = 1, 3, 5, 7, 9 mm/h).
The red solid line presents the fitted formula of the experiment results, where
u0 = 3.65 mV and v0 = 1.51 mm/h. The black dash line presents the formula in Ref.
[15]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
2. Materials and methods

2.1. Growth of lithium niobate single crystals

High-purity CLN raw materials were prepared from Li2CO3

(99.99% purity) and Nb2O5 (99.99% purity) powders. They were
mixed and ball milled uniformly in a Li/Nb molar ratio of 0.946
and subsequently heated at 1250 �C for 24 h in a muffle furnace.
The crystal was then grown by the self-developed automatic CZ
system. The system can automatically grow a crystal and simulta-
neously record the temperature, OP, weight data, and other basic
parameters.
2.2. Electromotive force characterization

In conjunction with the automatic crystal growth furnace, one
additional thermocouple, one multimeter (Keithley 2100) and
two platinum electrodes were used to measure the temperature
of seed crystal (T1) and the GEMF between the platinum crucible
and the pulling rod (as described in Eq. (1)). Accordingly, a sche-
matic of crystal growth and the GEMF measurement platform is
presented in Fig. 1a. A 15 mm long seed crystal was selected on
the c-axis. The diameter of the as-grown crystal was automatically
maintained at 20 mm. During the whole crystal growth process,
the pulling rate was 5 mm/h, the rotation rate was 15 rpm, and
the GEMF measurements were collected simultaneously. Combin-
ing Fig. 1a and b, the /GE-T1 curve starts in point a, a normal crystal
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growth moment. From point a to b, the crystal keeps pulling up in
5 mm/h for 4 h as usual. Then we stop pulling in point b. Right after
stopping, GEMF flattens out gradually in an hour after a steep fall
(point c). One hour later, the pushing down operation starts in
the same speed (point d). Meanwhile, GEMF changes rapidly, and
then keeps a steady slope for 4 h until the crystal stops again (point
e). In the period from pulling up to pushing down, the direction of
/CE reverses, because the crystal changes from crystallization to
melting. As described above, after a reciprocating motion, the crys-
tal reaches back to the initial position. Point f is the stopping point
accompanied by a rapid GEMF increase. Then just like point c,
GEMF flattens out in an hour again. Up to this point, the /GE hys-
teresis loop of specific growth speed has been drawn in Fig. 1b.
The width of the /GE-T1 curve is defined as the hysteresis potential
Fig. 2. (a–d) Photograph of the as-grown CLN single crystal. (d) The partial enlarged vie
during the entire crystal growth process. The inset of Fig. 2e is the data record correspo
(/hys), which is the key clue to study /GE. Moreover, similar
‘‘round-trip” processes have been investigated in different growth
speed (v = 1, 3, 5, 7, 9 mm/h) as well; and each /hys(v) has been
plotted in Fig. 1c. The types of EMF and the fitting results in
Fig. 1b and 1c will be discussed in details as follows, respectively.

2.3. Computer modeling

Computer models were used to study heat transfer under OP
oscillations. The simulation results were considered within the
conjugated 2D/3D numerical approach by the reliable commercial
program Crystal Growth Simulator (CGSim). This program has been
used to simulate crystal growth conditions successfully, especially
for the CZ method [24–26].
w of the crystal surface. (e) Data record of temperature, weight and output power
nding to Fig. 2d.
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3. Results and discussion

Striations are undetectable macrodefects that occur during
crystal growth. To confirm this viewpoint, the bulk CLN sample is
shown in Fig. 2a–d. The uniform cylinder shape, standard crystal-
lization angle, and three symmetrical ridges imply that the as-
grown CLN grew via a perfect crystal growth process. Moreover,
from the data record (temperature, weight and OP) of the entire
growth process in Fig. 2e, the normal feedback data of the thermo-
couple, load cell, and power source demonstrate a stable ‘‘shoul-
der” and ‘‘body” growth process, as well. Specifically, Fig. 2e
shows a smooth weight curve, steady temperature control and
small power fluctuations. Actually, the inset of Fig. 2e which is
the data record corresponding to Fig. 2d, presents a standard con-
trol process. In general, all of the growth parameters appear to be
maintained under perfect control.

However, the well-performed growth process dramatically
highlights the appearance of striations. As shown in Fig. 2d, which
is an annealed and polarized longitudinal cutting chip of the crystal
surface, the regular and continuous striations are observed on the
surface of the CLN and are mainly parallel to the crystallization
front, with an average spacing of 974.5 lm. Therefore, on the basis
of the results of Fig. 2a–e, one can come to the conclusion that,
because of the absence of striation detection in conventional
method, the striation reduction studies lack sufficient sensitivity.
Thus, we select GEMF to solve the difficult problem of detecting
the striation formation process in growth interface.

We here describe our adoption of GEMF to characterize the
growth interface. Fig. 3 shows a plot of the GEMF record for the
same period as that represented in Fig. 2d and reveals an obvious
regular fluctuation signal. Similar signals are observed neither in
the temperature record nor in the weight record (see Fig. 2e)
because the temperature is usually measured at the crucible edge,
which is relatively far from the growth interface. Moreover, in the
thermal insulation system, convections complicate the heat
exchange. In such a temperature field, all these factors impede
an accurate feedback of the temperature of the crystal growth
interface from the thermocouple. The load cell performs similarly
and it is insensitive to the tiny mass changes that accompany the
formation of growth striations. In Fig. 3, the fluctuation range
(0.2%) of OP record completely satisfies the requirements of crystal
growth. Moreover, after sine fitting, we still obtain a regular OP
curve (red solid line in Fig. 3, TOP = 705.4 s). The GEMF oscillates
periodically in accordance with the fitted OP, which demonstrates
that the feeble power fluctuation is the source of the GEMF fluctu-
ation. More interestingly, according to the macroscopic growth
Fig. 3. The GEMF and output power (OP) record corresponding to the period in the
inset of Fig. 2e. The red solid curve presents the sine-fitted output power data,
which exhibits a period of 705.4 s. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
speed (5 mm/h) and the fitted fluctuation period (TOP), the pulling
‘‘wavelength” could be calculated as k = 979.7 lm. Coincidentally,
this wavelength is highly consistent with the average spacing
(974.5 lm) of growth striations in Fig. 2d, which implies a direct
relationship among the OP, the GEMF and the striations. This novel
and regular phenomenon has attracted great attention. In fact,
growth striations and GEMF fluctuations are two types of external
manifestations of growth speed variation. It is known that the stri-
ation is effected by the variations of both temperature and melt
convection, which are induced by OP fluctuation. For different
materials and temperature field, these two factors have different
influence extent and vary the growth speed at the same time.
Besides striation, another external performance of growth speed
variation is GEMF. As shown in Eqs. (1) and (2), CEMF and SEMF
are important components of GEMF. These two kinds of EMF are
essentially controlled by the segregation, redistribution and solute
transport phenomenon of ionic species [20], and supercooling
degree [21], respectively. These physics phenomenon could be
generally considered as mass transport at growth interface. Obvi-
ously, the accumulation of mass transport presents the macro mass
change of crystal. Therefore, GEMF could also reflect growth speed
intuitively.

The GEMF consists of two different types of electromotive force,
thus, to study the regular phenomenon of GEMF further, the roles
of /CE, /scl and /sbk must be examined. First, the effect of the slight
power fluctuation during crystal growth has to be revealed. In
Fig. 4a-c, the numerical modeling temperature field of the power
fluctuation is presented. Although the temperature simulation of
particular location in growth system cannot be accurate, the reflec-
tion of variation trend and relative change is reliable. Thus,
Fig. 4b and 4c show the temperature change of particular locations
(i.e., the interface of the melt, and the interface between the melt
and crucible, respectively) under different output power (OP- and
OP + correspond to -0.1% and + 0.1%). In Fig. 4b and 4c, the numer-
ical simulation results represent the stable growth condition of
specific OP. As the seed temperature kept constant, the tempera-
ture of the free melt surface changes with a magnitude of
0.130 K, and the temperature of the interface between melt and
crucible changes 0.194 K. Obviously, unlike the stable condition,
in the case of thermal conduction and convection, the transient
rangeability of temperature variation in the period of 705.4 s is less
than the simulation results. Furthermore, for the quasistatic pro-
cess during crystal growth, the Seebeck potential can be expressed
as,

/sbk ¼ aLðT2 � T0Þ þ aSðT0 � T1Þ ð3Þ
where aL = 0.23 mV/K and aS = �0.71 mV/K are the Seebeck coeffi-
cients of the CLN liquid and solid phases, respectively; T0, T1 and
T2 represent the temperature of the growth interface, the seed crys-
tal and the melt, respectively [20]. Based on Eq. (3) and the numer-
ical simulation results, the maximum /sbk fluctuation under the
power oscillation of 0.2% reached 0.04 mV. Meanwhile, the Seebeck
coefficient of platinum is aPt = 0.025 mV/K [15]; referring to Fig. 2e,
the irregular and tiny temperature fluctuation of the platinum cru-
cible cannot generate a regular and significant Seebeck signal.
Therefore, in conclusion, the numerical and experimental results
demonstrate that /sbk contributes little to the GEMF fluctuation of
0.38 mV (as shown in Fig. 3). Thus, we infer that the periodic fluc-
tuation of GEMF is mainly caused by the crystallization electromo-
tive force and the supercooling electromotive force in growth
interface. The /CE and /scl are both directly related to the crystal
growth speed (v) and remains relatively constant at any crystal
length [14,15,21].

For exploring the phenomenon accurately, /CE and /scl must be
extracted from GEMF, where the /hys and the asymmetry of /GE-T1
curve may play important roles. The relationship between /hys and
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crystal growth speed (v) had been investigated by semiconductive
model [15],

/hys ¼ /0 lnð1þ v=v0Þ ð4Þ
where /0 and v0 are system dependent coefficients. To achieve an
accurate /hys(v) formula, the /hys in different growth speed (v = 1,
3, 5, 7, 9 mm/h) are plotted in Fig. 1c. The /hys versus v points are
well fitted by Eq. (4); then the coefficients /0 = 3.65 mV and
v0 = 1.51 mm/h are obtained. In Fig. 1c, compared with Aleksan-
drovskii and Shumov’s work (/0 = 3.9 mV and v0 = 1.9 mm/h) [15],
the similar fitted results may imply the similar CZ growth system.

On the other hand, when crystal stops pulling up or pushing
down, there is no SEMF and CEMF in GEMF [21]. Then the /sbk

becomes the only surviving electric signal between the crystal
and melt. For this reason, in Fig. 1b, the connection line of both
ends of the /GE-T1 curve (point ‘‘e to f”) separates the GEMF of
growth and melting process. Then the EMF generated from crystal
growth and melting could be measured as /growth = 3.1 mV and
/melting = �1.9 mV (v = 5 mm/h). These results are similar to the
test results of Koh and Uda via micro-pulling method
(/growth = 3.7 mV, /melting = �2.3 mV, v = 5 mm/h) [20]. Although
the CEMF in growth and melting process are slightly different
because of the Seebeck potential [20] and the different behavior
of ionic species between solidification and melting, the simplifica-
tion of identical growth and melting CEMF absolute value are fre-
quently used [20,27–29]. Since the segregation is regarded to take
place in opposite manner during growth and melting [29]; and
because of this, we assume j/CEðgrowthÞj ¼ j/CEðmeltingÞj ¼ /CE for sim-
plicity as well. Then, in /GE-T1 curve, we can attribute the asym-
metric of the electric potential generated by pulling up and down
operation (/growth and /melting) to the existent of /scl,

j/growthj � j/meltingj ¼ /scl ð5Þ

/scl ¼ A� v ð6Þ
where A is a coefficient directly related to supercooling degree [21].
Thus, we have confirmed the linear relationship between /scl and
growth speed. However, there is a huge difference in the tempera-
Fig. 4. (a) The computational temperature field of the entire growth system. (b and c) Th
the melt and in the interface between the melt and the crucible. The OP� and OP+ curv
ture gradient of CZ and micro-pulling method (more than 1000 �C/
cm), which results in a different supercooling degree. Based on Eq.
(6) and the measured /scl (1.2 mV) in Fig. 1b, the coefficient A
should be 0.24 mV h/mm, and this result is close to the supercool-
ing degree measurement and in-situ growth rate observation of
LiNbO3 by Jin and Tsukamoto (A = 0.21 mV h/mm) [30].

In /GE-T1 curve, the hysteresis potential represents a sum of
/growth and /melting. Thus, /hys can be expressed as,

/hys ¼ /scl þ 2/CE ð7Þ
Based on the results discussed above and the round-trip experiment
in Fig. 1; employing Eq. (4)–(7), the EMF generated by crystal
growth operation could be established as,

/growth ¼ ½/0 lnð1þ v=v0Þ þ A� v �=2 ð8Þ
Thus, the crystal growth speed (v) becomes the only variable.

As shown in Eqs. (1) and (2), GEMF is the sum of /CE, /sbk and
/scl. During the CZ crystal growth process, /sbk is mainly related
to the pulling height and contributes to the slope of the GEMF
curve [27]. Moreover, on the basis of the calculated /growth = 3.25 -
mV (v = 5 mm/h) in Eq. (8), we can translate /growth from the /GE as
the plotted black curve (crystal growth EMF) in Fig. 5. The macro-
scopic growth speed is known to equal the pulling rate. However,
the growing crystal behaves as a cylinder pulled from continuous
waves of molten liquid. That is, the growth interface oscillates
the accurate growth speed in each short period [2]. For further
analysis of growth striations, the mechanisms of both /growth and
the growth speed fluctuation are central to the following
discussion.

In addition to the crystal growth EMF curve, Fig. 5 also shows
the corresponding transient growth speed calculated from /growth

via Eq. (8). The blue dotted speed curve clarifies the transient
growth speed. Moreover, in this particular process, the tempera-
ture remains stable (see Figs. 2e and 4). That is, the inducement
of growth speed fluctuation is the periodic interface undulation
caused by power fluctuation. Specifically, in Fig. 5, the calculated
growth speed curve represents the relative motion between the
growing crystal and the growth interface. To our knowledge, the
e corresponding temperature fields of different output power (OP) in the interface of
es correspond to percentage power deviations of �0.1% and +0.1%, respectively.



Fig. 6. The affected temperature, weight fluctuation and GEMF record under an
artificial output power oscillation. The colored numbers labeled around dotted lines
represent the thermal hysteresis time of each sensor.
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relatively high Prandtl number (13.6) of lithium niobate [31,32]
implies that the liquid convection is the main spread medium of
the fluctuation phenomenon. Hence, the growth speed fluctuation
can be regarded as waves in the melting lithium niobate. These
‘‘waves” oscillate the growth interface periodically and leave stria-
tions on the crystal every 979.7 lm (close to the observed striation
spacing of 974.5 lm). The growth striation investigated in this
paper also could be regarded as thermal striation. However, differ
from common thermal striation, the power fluctuation does not
produce a detectable and regular temperature fluctuation. But by
using a less-visible way, the fluctuation of OP transmits to growth
interface via the hydrodynamic flow, and varies the growth speed
at the same time. The periodic GEMF fluctuation could be con-
cluded as the team performance of both CEMF and SEMF, resulting
from the variation of growth speed due to the OP variation. In
short, the regular growth interface fluctuation vibrated by power
fluctuation is the origin of growth striations.

At this point, the quantitative study of the growth interface
fluctuation can be taken further. In Fig. 5, the growth speed curve
is sine-fitted as the blue solid line. It possesses a period of
TV = 711.2 s and an integral area of 16.6 lm (red translucent area).
As expected, the period of the fitted growth speed is in accordance
with the OP fluctuation (in Fig. 3). However, the more remarkable
observation is that the integral area represents the displacement of
a single undulation. To be specific, the difference between the fit-
ted transient growth speed (blue solid line) and the average
growth speed (red dot line) depicts the movement rule of the
growth interface. Obviously, the enclosed area represents the cor-
responding fluctuation range of 16.6 lm. Thus far, the quantified
results make the visual assessment of the crystal growth interface
a reality. Notably, the calculated results only represent the condi-
tion of the growth interface on average. In practice, either the stri-
ation spacing in Fig. 2d or the growth speed in Fig. 5 is not strictly
consistent with the periodic arrangement. Although an unstable
disturbance still exists in a practical heat-insulation system, it does
not affect the average striation distribution or the overall regularity
of the GEMF. Obviously, on the basis of the method used in this
paper, the study of any targeted thermal striation is feasible.

In the aforementioned process, the fluctuation period of the OP
transmits in the order of power source, platinum crucible, molten
polycrystalline, liquid convection, growth interface, growth speed
variation, and GEMF. Finally, the variation of the periodic GEMF
is presented in Fig. 5. Because of the ordinal fluctuation transmis-
sion, the period of GEMF is in accord with the power fluctuation.
Fig. 5. The calculated crystal growth EMF (ugrowth) and the growth speed (Vcal) as a
function of time. The blue solid curve and red translucent area present the sine-
fitted Vcal and the integral result, respectively. The red dash lines in the wave curves
present the average data of ugrowth and the growth speed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
However, in a thermal insulation system, thermal hysteresis would
be generated in each part of the system inevitably. It functions as a
phase difference between different curves in the same timeline. To
explore the thermal hysteresis phenomenon further, and inspired
by previous work [3], we set an artificial OP oscillation in the grow-
ing crystal. The affected temperature, weight fluctuation and GEMF
performance are shown in Fig. 6, where the thermal hysteresis
time of each sensor is represented as colored numbers. During
the artificial OP oscillation, the first power peak of a rising trend
should correspond to the maximum temperature of crystal growth
system and the minimum of the weight fluctuation. More specifi-
cally, as noted in Fig. 6, the thermal hysteresis time of GEMF
(DtGE = 107 s) is between that of the thermocouple (79 s) and that
of the load cell (392 s), in ascending order. Note that DtGE is the
response time of the growth system to OP. It is the comprehensive
performance of the temperature and the crystallization velocity,
and the Seebeck potential plays the major role. Obviously, when
OP increase sharply (3%, see Fig. 6), the Seebeck potential would
also increase significantly. Because when the temperature of
growth system increase (including T1 and T2), the solid-liquid
interface (T0) keeps constant simultaneously. In this case, by con-
trast, the value of CEMF and SEMF are relatively small and their
influence on /CE is quite limited. As discussed earlier, the inner
mechanism of the thermocouple temperature measurement is
deficient, because it only reflects a single point of the heat-
insulation system. Compared with the thermocouple, the time
delay of GEMF is longer; but the GEMF record directly presents
the overall state of the growth system. In addition, the load cell
could also feedback the growth state visually. However, the limited
resolution requires more mass accumulation, which results in a
much more lagging response. Therefore, the GEMF provides a good
alternative for controlling and optimizing the crystal growth pro-
cess in real time.
4. Conclusions

According to the analysis of the thermocouple, load cell, OP,
GEMF data, and numerical modeling of heat transfer during a crys-
tal growth process, a method to inspect the growth interface in situ
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is established. In particular, the GEMF fluctuation accurately quan-
tifies the growth interface fluctuation, thermal hysteresis, and the
formation process of growth striations. This work also concludes
that the inducement of interface fluctuation is the slight and peri-
odic convection wave caused by power fluctuation; and that the
striation is the appearance of a growth interface fluctuation. GEMF
provides a good solution for in-situ monitoring crystal growth sta-
tus. More importantly, as an additional feedback of crystal growth,
a new automatic control system could be developed to enhance
crystal quality.
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