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Fig. 1. (a) In situ X-ray MOCVD growth system constructed at Nagoya University!'; (b) front view and (c) side view of schematic

diagram of the cross section around the susceptor in the reactor!
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Fig. 2. (a) In situ X-ray MOCVD growth and characterization system developed at Argonne National Laboratory, USA, the red

dashed arrow indicates the X-ray path: the beam is guided through the incident optics, passes through the MOCVD chamber wall,

illuminates the sample, and the scattered signal is collected by a 2D area detector on the opposite side. (b) MOCVD chamber wall

structure made of X-ray-transparent quartz glass, allowing direct observation of the sample under high-temperature conditions.

(c) Simulated temperature and flow field distribution inside the MOCVD chamber under standard growth conditions (temperature:

1027 °C, carrier gas: 50% H,), obtained via CFD analysis®.
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Fig. 3. Schematic representation of CTRs and the sample
surface. In the presence of surface steps, the CTRs split,
with individual sub-CTRs extending in the direction per-
pendicular to the surface from each Bragg peak, the integer
values of L represent the out-of-plane Miller indices of the
Bragg peaks, each sub-CTR is labeled with a subscript to
indicate the Bragg peak from which it originates, for a spe-
cific CTR, an area detector can simultaneously capture in-
tensity signals from multiple sub-CTRs, reproduced with
permission from Ref.[29].
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*H*ifﬂ’]iéﬁéiift IAER, WFE NI SEE APS

F T HE PR A IR AT T X §14 CTR 5259,
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mE 4 iR, 7 G Wit (step-flow) B0, CTR,
5 B AR AR TR 5 TGk B — MR iR )2 A
K (layer-by-layer) #iX T, 58 B B 5150+ )2 (one
monolayer, 1 ML) A9 5 &2 8L W43 mife
“YERARAER (3D) BT, i R R R T 4
FEERRACE. o, (HAF SR Y 208 2 MEA: K
B, FEXFRT, A RKRUZRE T kT, B —
JRIE 2 R R U SR AR, FPE)E

Growth Side view

Top view
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Step-flow

1
1
1
1
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1
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1
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1
1

Intensity on CTR

k 3-dimensional

Time 6 5 4 3 2 1
Layer @ O @ O @ @

E 4  FEE W (step-flow), iZ)Z 4 K (layer-by-layer)
S4B ARAK (3D) BEER, SR RO R EE S Y s B
P 1 ) CTR 5 BEAE A= KW 3R B BE A2 A7

Fig. 4. Schematic of atomic-scale surface morphologies dur-
ing step-flow, layer-by-layer, and three-dimensional growth
modes, along with the corresponding behavior of crystal

truncation rod intensities upon the onset of growth.
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A sE R, A2 T — 24K, H CTR 4k
DRI 1 ML, 2 4R g, 215200 5
PRI %, SR8 1 0y )R E S, CTR 58
FETR B f5e/IN, TRt ] LATE SRR 21 J - B A RIS
SR EE B, JE A AT I I A, Al AT
5 B TS TR] ),

Growth amount/ML
0 1 2 3 4 5

2.0
[}
=
! 1.0
o
s
= 0.5
o
ks
g
~ 0.2
~
<
0.1
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Time/s

K5 7E MOCVD B )2 A KB T, /-5l xR 174K
A AR AR DL R Y XSRS I A A, 2 R
{58957 7 )2 E S5 I, CTR 38 Bk B de /), (7] I AT LL7E J]
WLZE 3 J5L 7 5 B0 S o R A, 3l i 0 T TS 0 Y 7
Al DATHS BT B MO S T B, i 8 SCiRk [35], E 3RS
AL

Fig. 5. In the layer-by-layer growth mode of MOCVD, the
X-ray intensity distribution is shown before, during, and
after growth, when half-integer monolayers are covered, the
CTR intensity reaches its minimum, while the maximum
scattering intensity from atomic islands can be observed
around it, by analyzing the position of the scattering peaks,
the average nucleation spacing of the atomic islands can be

calculated, reproduced with permission from Ref.[35].
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9o

Intensity auto-correlation function:

(I(t)I(t+At))
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“Movie” of speckle
recorded by CCD
1(Q, t)

6 X LT RO (XPCS) BEARTE AL I AR A= 4 Zy 2552 7 v it 18T T i 5 B ) 20 AR A UKt B A T X4
A FR SR A R T, 3 e A PR A 1 SR PR B I ) A 3 3, AR ORI R T RE R S R R, R T B IR KA kE

B A AL 7

Fig. 6. Schematic of in situ coherent X-ray photon correlation spectroscopy (XPCS) for probing dynamic surface processes during

material growth. Coherent X-rays from a high-brightness synchrotron source illuminate the sample surface, generating a speckle

pattern captured by a detector, temporal fluctuations in the speckle intensity reveal atomic-scale surface dynamics such as island

diffusion and step motion.
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 J
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Sapphire

(b) —— Conventional XRR measurement
—— Continuous in situ XRR measurement

S

Reﬂectivity

0
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120140' ,(‘\&0
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2, 0.9 X <
&y .
o > 0 G&O«ﬂ
@

Bl 7 HHLXRR MEEZEA XRR WILE (a) XRR Wi RS EZE; (b) % M XRR FE LA XRR W 7R 2 E, 1A Sk [37),

E AR5 AL

Fig. 7. Comparison of conventional XRR and continuous in situ XRR: (a) Schematic diagram of XRR measurement principles;

(b) schematic diagram of conventional XRR and continuous in situ XRR measurement, reproduced with permission from Ref. [37].

B 1.68 nm. LA, i X XRR B 09815 5
BT, AT AR IR B AN ] TR Ab B R () 9% 3 TR
PR RS B 5280, SR A R, fEIZ RS,
GaN 7E 46 204 e AT 32 3 B 29 2R 900 C,
1M 950 °C 250 W1 iAo Fn 2 R 1.
U, JEAE XRR AR S0k I A A i 1) 3 1 45
Fa7s Ak, i AT TG GaN $ka 5 M 5 3]
FRAYA 2 T-Bt, S MOCVD T 25 % H RS i E X
PRAL TSI

1
10 — At RT (before heating)
100 Er <y — At 850 C

4 — At 900 C
070 R At 950 «C
10-2F '.\_‘ AT RT (after heating)

X-ray reflectivity
[
<

0 0.5 1.0 1.5 2.0 2.5
Incident angle 6/(°)

Kl 8 XRRJFARAE T GaN BEHAEA R T Y2 bk
B, AL HE TR T L B JGd AR (850 °C, 900 °C, 950 °C) Bh K&
RS A8k, A SCRK [20], E 3R RAL

Fig. 8. In situ XRR characterization revealed the surface
conditions of the GaN template at different temperatures,
including before heating, during annealing (at 850 °C, 900 C,
and 950 °C), and after cooling, reproduced with permission
from Ref. [20].
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Fig. 9. The CTR strength of homoepitaxial GaN on (a) ¢
and (b) m-plane GaN at different temperatures varying
with growth time, reproduced with permission from Ref. [39].
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%t (grazing-incidence X-ray scattering) 4% & Jii ¥
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Fig. 10. Island spacing vs. growth rate at fixed temperature,

showing the power law dependence, reproduced with per-

mission from Ref. [35].
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Fig. 11. At growth temperatures of (a) 796 K and (b) 867 K, the spatiotemporal correlation C(t1,t2) of X-ray scattering patterns

was measured for the m-plane GaN surface at various stages, before growth, during growth, and after growth, the time axis was

converted to growth thickness (i.e., the product of time and growth rate); (c) the average correlation measured exhibits an oscillat-

ory curve with a period of 1 ML, which reflects the evolution of the GaN crystal growth layers, reproduced with permission from

Ref. [1].
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Fig. 12. (a) Crystal structure of wurtzite GaN and schematic illustration of two types of atomic steps on the (0001) surface, Type-A
steps exhibit two dangling bonds, whereas Type-B steps have one dangling bond, reproduced with permission from Ref.[44];
(b) top-down schematic of atomic steps and terrace structure on the GaN (0001) surface, reproduced with permission from Ref.[45];
large and small circles represent the in-plane positions of Ga atoms in the top and sub-top bilayers, respectively, with color indicat-
ing atomic height (see legend), the figure shows a representative surface configuration with an « terrace fraction fo > 1/2, the
and 3 terraces are distinguished by the orientation of triangles formed by the top-layer atoms, only Ga atoms at bulk-like (unre-
laxed) positions are shown; N atoms and surface-passivating species involved in reconstruction are omitted, the lattice coordinates

are defined using the hexagonal lattice constants a, b, and ¢, with crystallographic directions indicated.
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Fig. 13. (a) Schematic illustration of microbeam surface X-ray scattering during the MOCVD growth process. The CTR is highly
sensitive to variations in the surface fraction of @ and 3 step-terraces on the (0001) surface of an HCP crystal during either depos-
ition or evaporation, the figure shows theoretical CTR reflectivity calculations for the (0111) and (0112) Bragg peaks (represented
by the red and blue curves, respectively), corresponding to « terrace fractions of fo = 0.1 and 0.9, which are characteristic of GaN
surface evolution during MOCVD evaporation and deposition, respectively. (b) The calculated X-ray reflectivity at a fixed Bragg
peak position ( L = 1.603 ) as a function of the « terrace fraction on the GaN surface, the result further highlights the high sensitiv-
ity of CTR to surface step configurations, demonstrating its effectiveness as a probe of atomic-scale surface structure, reproduced

with permission from Ref. [7].
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Fig. 14. Steady state « terrace fraction as a function of
growth rate(G), showing its monotonic increase with the in-
creasing G, the red curve denotes the fitting of experiment-
al data using the BCF model, reproduced with permission
from Ref. [7].
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Fig. 15. RSM test of InGaN at different growth stages, red indicates a higher X-ray diffraction intensity: (a)—(e) Correspond to av-

erage thicknesses of 0.3, 4.0, 9.0, 14.0 and 27.2 nm, reproduced with permission from Ref.[22].
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Fig. 16. Real-time XRR monitoring of In,Ga, ,N films grown on GaN/Sapphire templates and GaN single-crystal substrates:

(a) InggyGaggN; (b) Ing14GaggeN; (), (d) corresponding surface roughness evolution during growth is shown in for InggGaggN

and for Ing,GaggsN, reproduced with permission from Ref. [24].
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Fig. 17. Comparison of the experimental critical thickness of
In,Ga; ,N/GaN (z = 0.09 and 0.14) single-layer heterostruc-
ture structures with the predicted critical thickness from
different models at RT and 805 °C, reproduced with permis-
sion from Ref. [24].
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Fig. 18. On the left is the InGaN single quantum well
(SQW), with the In composition distribution obtained by
fitting the CTR curves measured at 1103 K and 300 K,
where the vertical axis represents the direction perpendicu-
lar to the growth direction. On the right is the schematic of
the GaN/InGaN/GaN SQW model structure used in the fit-
ting, reproduced with permission from Ref. [19)].
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Fig. 19. The GaN/InGaN single quantum well grown at 805 °C under different process conditions: (a) X-ray CTR curves; (b) XRR
curves; (¢) In composition distribution analyzed by fitting the X-ray CTR scattering spectra (upper figure) and the corresponding

interface formation schematic (lower figure), reproduced with permission from Ref. [38].
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Fig. 20. In situ X-ray—enabled roadmap for understanding and controlling MOCVD growth. Advanced X-ray probes capture sur-

face and interface dynamics during MOCVD in real time, uncovering mechanisms of defect formation, stress modulation, and com-

positional ordering. Coupled with multiscale modeling and simulation, these tools form a predictive platform that moves beyond ob-

servation toward active, precision control of epitaxial growth.

040701-19


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040701

AR AT R AR, RER A A T O
B A RKAILE] . B LR 25 0 A T
WS T oMtk . Aok, MRFEEE DU [R5 4R 5
BIKE, FIT X H£k CXDI. XPCS ZEFi A
N — 2L HE SRS IE o i J - RO AR P A5
(R S FRATT, Ha 7n S5 F-I - BE Z R TR Z R .

SR T, AL X G RIEH AR O 4 4
WAERMUOULZE #8572 W RE I T AR 2. Bl R AE
B IFRSEAAL | 23 23 HE R A BT o3 LA B e Ak
FEEAR Y H 5 0, 2B AR B 7 2]
TR RIS, S Vil > AR AR 5 2%
AL 1] e L RS TR A NE A K BT B (] 20).

S 30k

[1] Ju G, Xu D, Highland M J, Thompson C, Zhou H, Eastman J
A, Fuoss P H, Zapol P, Kim H, Stephenson G B 2019 Nat.
Phys. 15 589

[2] Pierce M, Chang K, Hennessy D, Komanicky V, Sprung M,
Sandy A, You H 2009 Phys. Rev. Lett. 103 165501

[3] Hruszkewycz S, Holt M, Murray C E, Bruley J, Holt J,
Tripathi A, Shpyrko O, McNulty I, Highland M, Fuoss P
2012 Nano Lett. 12 5148

[4] Fenter P, Park C, Zhang Z, Wang S 2006 Nat. Phys. 2 700

[6] LiuY, Chen Z, Hu S, Peng H, Cheng Q, Raghothamachar B,
Dudley M 2022 J. Cryst. Growth 583 126559

[6] Fuoss P, Brennan S 1990 Annu. Rev. Mater. Sci. 20 365

[7] Ju G, Xu D, Thompson C, Highland M J, Eastman J A,
Walkosz W, Zapol P, Stephenson G B 2021 Nat. Commun. 12
1721

[8] Stephenson G B, Eastman J A, Auciello O, Munkholm A,
Thompson C, Fuoss P H, Fini P, DenBaars S P, Speck J S
1999 MRS Bull. 24 21

[9] Liu R, Ulbrandt J G, Hsing H C, Gura A, Bein B, Sun A,
Pan C, Bertino G, Lai A, Cheng K, et al 2020 Nat. Commun.
11 2630

[10] Cao C, Shyam B, Wang J, Toney M F, Steinruck H G 2019
Acc. Chem. Res. 52 2673

[11] Jain R, Techert S 2016 Protein Pept. Lett. 23 242

[12] Jiang F, Wang R V, Munkholm A, Streiffer S, Stephenson G,
Fuoss P, Latifi K, Thompson C 2006 Appl. Phys. Lett. 89
161915

[13] Tida D, Kondo Y, Sowa M, Sugiyama T, Iwaya M, Takeuchi
T, Kamiyama S, Akasaki I 2013 Phys. Status Solidi (RRL) 7
211

[14] Takeda Y, Ninoi K, Ju G, Kamiya H, Mizuno T, Fuchi S,
Tabuchi M 2011 IOP Conf. Ser.: Mater. Sci. Eng. 24 012002

[15] Headrick R, Kycia S, Woll A, Brock J, Murty M R 1998
Phys. Rev. B 58 4818

[16] Woll A, Headrick R, Kycia S, Brock J 1999 Phys. Rev. Lett.
83 4349

[17] Sasaki T, Ishikawa F, Yamaguchi T, Takahasi M 2016 Jpn.
J. Appl. Phys. 55 05FB05

(18] Kang H, Seo S, Noh D 2001 J. Mater. Res. 16 1814

[19] Ju G, Fuchi S, Tabuchi M, Takeda Y 2013 J. Cryst. Growth
370 36

[20] Ju G X, Fuchi S, Tabuchi M, Takeda Y 2013 Jpn. J. Appl.
Phys. 52 08J

(21]

(22]

(23]

[24]
[25]
[26]
[27]
28]
[20]
[30]

(31]

(32]

33]
(34]

35]
(36]
37]
(38]

(39]

[40]
[a1]
j42]
143]
[44]

[45]

(46]

(47]
(48]

(49]
[50]

[51]

040701-20

Ju G X, Fuchi S, Tabuchi M, Takeda Y 2013 J. Appl. Phys.
114 124906

Richard M I, Highland M, Fister T, Munkholm A, Mei J,
Streiffer S, Thompson C, Fuoss P, Stephenson G 2010 Appl.
Phys. Lett. 96 051911

Ulbrandt J G, Rainville M G, Wagenbach C, Narayanan S,
Sandy A R, Zhou H, Ludwig Jr K F, Headrick R L 2016 Nat.
Phys. 12 794

Ju G X, Tabuchi M, Takeda Y, Amano H 2017 Appl. Phys.
Lett. 110 262105

Ju G X, Highland M J, Yanguas-Gil A, Thompson C,
Eastman J A, Zhou H, Brennan S M, Stephenson G B, Fuoss
P H 2017 Rev. Sci. Instrum. 88 035113

Amano H 2016 Prog. Cryst. Growth Charact. Mater. 62 126
Ju G X, Ninoi K, Kamiya H, Fuchi S, Tabuchi M, Takeda Y
2011 J. Cryst. Growth 318 1143

Ninoi K, Ju G X, Kamiya H, Fuchi S, Tabuchi M, Takeda Y
2011 J. Cryst. Growth 318 1139

Petach T A, Mehta A, Toney M F, Goldhaber-Gordon D
2017 Phys. Rev. B 95 184104

Eng P J, Trainor T P, Brown Jr G E, Waychunas G A,
Newville M, Sutton S R, Rivers M L 2000 Science 288 1029
Ju G X, Xu D, Thompson C, Highland M J, Eastman J A,
Walkosz W, Zapol P, Stephenson G B 2021 Phys. Rev. B 103
125402

Wang J L, Lin Q H, Xu E Q, Shen B, Ju G X 2025 Phys.
Status Solidi B 262 2500177

Neave J, Joyce B, Dobson P, Norton N 1983 Appl. Phys. A 311
Lewis B, Lee T, Grunthaner F, Madhukar A, Fernandez R,
Maserjian J 1984 J. Vac. Sci. Technol. B 2 419

Perret E, Xu D, Highland M, Stephenson G, Zapol P, Fuoss
P, Munkholm A, Thompson C 2017 Appl. Phys. Lett. 111
232102

Stephenson G B, Robert A, Griibel G 2009 Nat. Mater. 8 702
Ju G, Fuchi S, Tabuchi M, Amano H, Takeda Y 2014 J.
Cryst. Growth 407 68

Ju G, Honda Y, Tabuchi M, Takeda Y, Amano H 2014 J.
Appl. Phys. 115 094906

Perret E, Highland M, Stephenson G, Streiffer S, Zapol P,
Fuoss P, Munkholm A, Thompson C 2014 Appl. Phys. Lett.
105 051602

Zatuska-Kotur M A, Krzyzewski F, Krukowski S 2010 J. Non-
Cryst. Solids 356 1935

Zatuska-Kotur M A, Krzyzewski F, Krukowski S 2011 J.
Appl. Phys. 109 023515

Akiyama T, Ohka T, Nakamura K, Ito T 2020 J. Cryst.
Growth 532 125410

Ohka T, Akiyama T, Pradipto A M, Nakamura K, Ito T 2020
Cryst. Growth Des. 20 4358

Xie M, Seutter S, Zhu W, Zheng L, Wu H, Tong S 1999
Phys. Rev. Lett. 82 2749

Ju G, Xu D W, Thompson C, Highland M J, Eastman J A,
Walkosz W, Zapol P, Stephenson G B 2022 Phys. Rev. B 105
054312

Turski H, Siekacz M, Wasilewski Z, Sawicka M, Porowski S,
Skierbiszewski C 2013 J. Cryst. Growth 367 115

Chugh M, Ranganathan M 2017 Appl. Surf. Sci. 422 1120

Xu D, Zapol P, Stephenson G B, Thompson C 2017 J. Chem.
Phys. 146 144702

Akiyama T, Ohka T, Nakamura K, Ito T 2020 Jpn. J. Appl.
Phys. 59 SGGKO03

Ju G, Xu D, Thompson C, et al. 2024 Phys. Rev. B 110
195303

Pereira S, Correia M, Pereira E, et al. 2002 Appl. Phys. Lett.
80 3913


https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1038/s41567-019-0448-1
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1103/PhysRevLett.103.165501
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1021/nl303201w
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1038/nphys419
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1016/j.jcrysgro.2022.126559
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1146/annurev.ms.20.080190.002053
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1038/s41467-021-21927-5
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1557/S088376940005168X
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1038/s41467-020-16356-9
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.1021/acs.accounts.9b00233
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.2174/0929866523666160106153847
https://doi.org/10.1063/1.2364060
https://doi.org/10.1063/1.2364060
https://doi.org/10.1063/1.2364060
https://doi.org/10.1063/1.2364060
https://doi.org/10.1063/1.2364060
https://doi.org/10.1063/1.2364060
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1002/pssr.201307023
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1088/1757-899X/24/1/012002
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevB.58.4818
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.1103/PhysRevLett.83.4349
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.7567/JJAP.55.05FB05
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1557/JMR.2001.0250
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.1016/j.jcrysgro.2012.09.028
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.7567/JJAP.52.08JB12
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.4823809
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1063/1.3293441
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1038/nphys3708
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4990687
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1063/1.4978656
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.pcrysgrow.2016.04.006
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.11.051
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1016/j.jcrysgro.2010.10.201
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1103/PhysRevB.95.184104
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1126/science.288.5468.1029
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1103/PhysRevB.103.125402
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1002/pssb.202500177
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1007/BF00617180
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1116/1.582887
https://doi.org/10.1063/1.4993788
https://doi.org/10.1063/1.4993788
https://doi.org/10.1063/1.4993788
https://doi.org/10.1063/1.4993788
https://doi.org/10.1063/1.4993788
https://doi.org/10.1063/1.4993788
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1038/nmat2521
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1016/j.jcrysgro.2014.08.023
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4867640
https://doi.org/10.1063/1.4892349
https://doi.org/10.1063/1.4892349
https://doi.org/10.1063/1.4892349
https://doi.org/10.1063/1.4892349
https://doi.org/10.1063/1.4892349
https://doi.org/10.1063/1.4892349
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1016/j.jnoncrysol.2010.05.029
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1063/1.3536516
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1016/j.jcrysgro.2019.125410
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1021/acs.cgd.0c00117
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevLett.82.2749
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1103/PhysRevB.105.054312
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.jcrysgro.2012.12.026
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1016/j.apsusc.2017.06.067
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.1063/1.4979843
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.7567/1347-4065/ab6566
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1103/PhysRevB.110.195303
https://doi.org/10.1063/1.1481786
https://doi.org/10.1063/1.1481786
https://doi.org/10.1063/1.1481786
https://doi.org/10.1063/1.1481786
https://doi.org/10.1063/1.1481786
https://doi.org/10.1063/1.1481786
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040701

REVIEW

Research progress of growth kinetics of nitride metal-organic
chemical vapor deposition epitaxy under in situ X-ray
characterization”

JU Guangxu! LIN Qihui? XU Erqi? WANG Xingiang? GE WeikunV
DONG Yuhui? XU Ke?®  SHEN Bol

1) (State Key Laboratory of Artificial Microstructure and Mesoscopic Physics, School of Physics,
Peking University, Beijing 100871, China)
2) (Institute of High Energy Physics, Chinese Academy of Science, Beijing 100049, China)
3) (Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China)

( Received 2 September 2025; revised manuscript received 21 November 2025 )

Abstract

Metal-organic chemical vapor deposition (MOCVD) is still a dominant technique for growing IIl-nitride
semiconductors; however, the complex growth kinetics and defect formation mechanisms continue to limit the
required material quality and device performance. In recent years, the rapid advancement of in situ X-ray
characterization techniques—especially those enabled by high-brightness synchrotron radiation—has provided
unprecedented opportunities for probing real-time structural evolution during nitride epitaxy. This review
summarizes the latest research progress of in situ X-ray studies of III-nitride MOCVD growth, with emphasis on
the development of in situ MOCVD growth platforms, emerging X-ray methodologies, and their applications in
monitoring surface and interfacial dynamics. In this review paper, we present the principles and implementation
of in situ X-ray reflectivity, crystal truncation rods, grazing-incidence diffraction, and microbeam/coherent
scattering techniques in nitride epitaxy. Through the case studies of GaN and InGaN, we identify key
dynamical processes—including early-stage nucleation, strain relaxation, step-flow behavior, alloy segregation,
and interface roughening—under realistic growth conditions. Special attention is paid to transient non-
equilibrium phenomena such as compositional fluctuations and interface reconstruction in high-In content
alloys, which remain inaccessible to conventional in situ probes. Furthermore, we highlight emerging trends
brought by next-generation synchrotron sources, including millisecond- to microsecond-resolved measurements,
nanoscale spatial mapping, and in situ coherent X-ray diffraction imaging. These capabilities are expected to
provide direct atomic-to-mesoscale insights into island nucleation, step dynamics, defect evolution, and strain-
composition coupling in complex heterostructures. Finally, we outline future research directions, such as
integrating data-driven structure inversion, multi-scale modeling, and closed-loop “growth-measurement-
feedback” control to accelerate the understanding and optimization of nitride epitaxy. This review shows that in
situ X-ray technique has become a powerful and indispensable bridge between microscopic structural evolution
and macroscopic device performance, and will play a key role in achieving precise, controllable epitaxy of next-
generation wide-bandgap semiconductor materials.

Keywords: epitaxial growth by metal-organic chemical vapor deposition, nitride semiconductor of Group III,
wide bandgap semiconductor, in situ X-ray characterization, growth kinetics of surface and

interface, synchrotron radiation X-rays
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