) 32 % 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 080701

T FSEYMESHEMG

EES A FRIERNEZESEE: N8
BB E—MHREETFE

Ea el KKV

# 4% D

A B HE D2

1) (P EREERE ARSI, S Y S HOR E K E S, JUaT 100083)
2) (TPERFER R, MORRRE SO TR G, JEAT 100049)
(2025 4F 11 J1 29 Bk #F; 2026 4F 2 A 5 HEMHERH)

Z 7 T BRI AR R B B L AR S IS, TR ZI S W R MR RN 2R I PR RE . X T IR BE S P
FFRMRR R, JEHE 5 2 75 EKGE BE R PR 2 T 400 o 23 M B i A B S, 2 S BRE E T RR I L ZE AL
Hil. FF U, ARG R AE R S 2 FRGEELS 1) & R Pk ST . 1950 4F# RS Avril Rhys #F
A A B R ST IZ IS W T R E LR DT 4 ST S A BRI R = TER S 8 R A R I 3
FI AR, S BEIE BER AL & SR B e IR SR A 21 T4 i B A — R B T B ARG SR K Bl AT A
B R, RS AR <MK B RO O B AL, s IR S MRS =S AR & A ik 4%, FetfEsh e
)0 B AR RN, 5 75 T B AL S S PR AY O s . F R, B2 5 TS R i R A i B S e R i
4 A>T B 1207 K FUBE L AT P LA B 1 R0, 25 P R A G — (Y B AR AR BT AN R TR
R G BRE 114 52 21 3y ) 2 B L35 i 1) B IEL R, DBk Sy v P B 2 S R A 2 9 B 0 o i AL 1 ST 1 i 4

KSR ARERIN 2 BRI, SREGYIEE, S — PRI

DOI: 10.7498/aps.75.20251621

1 3

WL 5 dnkgRsh (A5 ) WAH ELAE P A5 it
RAEYFOG . HL L IR e R 1. 7R
T REER R T (A sk bE | AR 12k S
[ L N IV R QA S R S g e R 9L 7
it fE——Z 75 FBKiE (multi-phonon transition,
MPT)P8. Z /i FBRIT R AR f BTk FE b, RfFif
RS A - AT RE SR A IR A Y B

TEICE SARBOR NG R o, MPT 764
w0 35t T BAT SR WU AR, aniEl 1 s,

il

CSTR: 32037.14.aps.75.20251621

—J5 I, MPT FSRARHR S5 A i 1 1052
WAFTE T GO HL A F BRI 8 FHOR I 24
KU, I 1(a) Fs, KIFRER P ARRRST S5,
4N i [ %8 BB SRH(Shockley-Read-Hall) 9101 55
KB E A (Auger recombination), i i 5 %8 4 &
GBI E TP KR, NCA L T2 7O 40
SMYREREFERURAR, Sk T A s 40 G AR
A Py BEAR IR 1012 ZE K] 1(b) MAALER (GaN)
K AE (light-emitting diode, LED) H1, 4«
HEBR A BB 28 51 MPT i #4202 32 52 (0 AR 4 5t
SRS, BB AOCRRREAR 151, 1Ak,
TE S5 WRHA R o, SR ST i 24 1

*E R SRR (HEHES 2024YFA1409700) . EIR HARRHFIE S (HEHES: 62425406, 62504221, 12504286) . 1 FEIRb27 B A HE
Je PR LI (S XDB0460000) . H ERR B AER A R IERBIFEIN H (kS YSBR-026) Al H FERb4 e ARG (2 F

£x (LUES: Y2021042) % BHAYIFAT.
T EfEEH. E-mail: cuiyu@semi.ac.cn
T BIE1E#E. E-mail: hxdeng@semi.ac.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

080701-1


http://doi.org/10.7498/aps.75.20251621
https://cstr.cn/32037.14.aps.75.20251621
mailto:cuiyu@semi.ac.cn
mailto:cuiyu@semi.ac.cn
mailto:hxdeng@semi.ac.cn
mailto:hxdeng@semi.ac.cn
http://wulixb.iphy.ac.cn
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. 8 (2026) 080701

(a) (b) 1092} () n/2 m n/2
s o, o o ® 0 g t/2 t/2
Steady-state L ® ° <>
° e ) :
®
v - 1.00 F
-o0—o0—00——o0 X . .
| A A 1T - o 10t f 5 075}
- — — — Vo . © L4 <
z UTsn [Tt || Taue Gxt P4 ° g o050}
g t ®— P16 5
o v, ®— PS8 ° O 0.25}
| v ®— P4 [ ]
-o O O O 10F @ — PO b 0t 5
\ ) . . . . . . . .
0 100 200 300 0 100 200 300 400
Temperature/K t/ns
(d) H=Hy+H (e) o
_ Na
A Non-radiative transition J
13) b A [ erererex
,?. ~ O3
| |
Pumping Stimulated emission l Cr-TiO5/TiOy| Intermediate‘
\ | RCPM —
products
ey Tiogo h+th+th+h+ \ —]—
f‘
[ve] on |
12) COy+H,0
Non-radiative transition R
) 10
1 MPT ZERFYIRG S XEEN  (2) fE R RIARER LA FE GHIE, Bh RRIMNEICIRA B Gox LA 3 Fh 31

G, MRS EE Una  SEFAHHBI 00 SRH 2 & Uspn G G Unng , Hh Vi (BLR) M1V, (1£8) SR d F 123 700
WK AELL (12 22 CC BY 4.0 WA 51 ; (b) /B A FRH GaN % LED & OGRCR M B4R A 2 4@, 52 Ll s g 2R
BEAS B AL i PO—P24 Y Bl I i BEAR U B, LA BO6F I i 32 # P e 7 BRI T i 01, 28 CC BY 4.0 AT 51T (o) fE MBS T
IEHRFB AR TR R Z —, B P JRIR 6 KRR I i Ce: YAG W5+ 7 AH T PE 9 03 BB M % (Hahn echo) 38 17, 2238 [F 4k 2 2 2 24X
ST () V8 92 BT P OL 23 728052 %% 1 DG SEATL R, 2 TR DGR O 88 7 AR ZS |1) OR B mi R IOR A5 14) , WS LT3l i A R
B MPT s34 8] FHOCHES |3) 5 WM FEOGEES |2) Bk 7~ il MPT #f 72 P 0] 3 BE25 (1) 19, 23 [ 4 Bl 2 2 A5 | 1
(e) VE A 42 v e fi AL 803 19 S BEHIL R . 3 3t 76 TiO, W48 % Cr, 51 A BRI BB HAE N B B 7 0O A 25 9, DT 300 1 280 0+ 1) L 2
A, LR AR TS Y kR 19 22 CC BY-NC-ND 4.0 % 7] 5| H
Fig. 1. The dual role of MPT in different physical scenarios: (a) As a detrimental recombination channel in solar cells, the figure
shows external photogeneration rate Gey as well as three main recombination pathways, radiative recombination Usaq , defect-as-
sisted SRH recombination Usgy and Auger recombination UAug7 where Vi, (blue line) and Vp (red line) represent electron and
hole quasi-Fermi levels, respectively!'?, adapted with permission, under a CC BY 4.0 license; (b) as the primary non-radiative re-
combination channel limiting the luminous efficiency of GaN-based LEDs, experimentally, the defect concentrations of samples
PO to P24 are systematically decreased by controlling the underlayer thickness, which results in a corresponding sequential increase
in internal quantum efficiency at given temperatures', adapted with permission, under a CC BY 4.0 license; (c) as a factor caus-
ing decoherence in solid-state qubits, the plot shows the Hahn echo decay of quantum coherence for Ce:YAG films measured at a
low temperature of 6 KI', adapted with permission, Copyright © 2025 American Chemical Society; (d) as a key mechanism for
achieving population inversion in solid state lasers, pump light excites the active ions from the ground state |1) to a highly excited
level |4), after which the particles relax via an extremely fast MPT to the upper laser level |3) ; simultaneously, particles in the
lower laser level |2) also rapidly return to the ground state |1) via the MPT process!'®, reproduced with permission of IOP Publish-
ing, all rights reserved; (e) as a key mechanism for enhancing photocatalytic efficiency, doping TiO, with Cr introduces defect levels
that act as traps for photogenerated holes, thereby suppressing the direct recombination of charge carriers and enhancing the effi-

ciency of photocatalytic degradation of pollutants™, reproduced with permission, under a CC BY-NC-ND 4.0 license.
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Fig. 2. CCD for the photo-absorption process, this diagram
plots the total energy of the system as a function of the
generalized configuration coordinate @ ; the orange and
purple parabolas represent the potential energy surfaces of
the initial state |jn) and final state |in’), with their re-
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is the absorbed photon energy, W;; is the ZPL energy, and
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related to the displacement Aj;/ V/N in equilibrium posi-
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Fig. 3. (a) The low-temperature luminescence spectrum of the C-center defect in Si®%, the gray shaded area is the experimental

data, and the blue solid line represents the first-principles calculation based on the Huang-Rhys theory, the calculation yields a

Huang-Rhys factor Syt = 1.79, reprinted figure with permission of Copyright © 2025 by the American Physical Society; (b) the

theoretically predicted photoluminescence spectrum of the Cy+SW defect in --BNE7, reprinted figure with permission of Copyright

2025 by the American Physical Society. First-principles calculations for both materials clearly predict a typical spectral structure

composed of the ZPL and phonon sideband.
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Fig. 4. CCD for non-radiative multi-phonon transitions, the
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faces of the initial and final states of the transition, respect-
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Fig. 5. The phonon density of states for a Zng,-Op defect in
GaP calculated by the CDM method (black solid line), is
compared to that of the perfect GaP bulk (red dashed line),
the calculation is performed using a 64-atom supercell con-
taining a Zng,-Op defect, with a neighboring atom cutoff
35)

radius set to Rc = 6.0 a.u. ¥, reprinted figure with permis-

sion of Copyright 2015 by the American Physical Society.
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Fig. 6. The physical model and quantitative validation of
the one-dimensional approximation (for the Cy defect in
GaN as an example)P: (a) This diagram uses a one-dimen-
sional generalized configuration coordinate ) to represent
the multi-dimensional atomic relaxation and show the cor-
responding potential energy surfaces, Key physical quantit-
ies in hole capture are clearly defined, including the ioniza-
tion energy AF , reorganization energy AFE, and energy
barrier AEy ; (b) hole capture rate C, is calculated as a
function of temperature. The theoretical model accounts for
the temperature-induced reduction of the ionization energy
AFE (from 1.02 eV at 0 K to 0.89 eV at 600 K), the theor-
etical curve (red solid line) shows excellent agreement with
the experimental data (blue dotted horizontal lines and dia-
monds). Reprinted figures with permission of Copyright
2014 by the American Physical Society.
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Fig. 7. Electronic excited states of the VO center in GaN and their enhancement mechanism for non-radiative recombination*):
(a) Electronic origin of the neutral excited state 0* of the VO center, this figure shows the formation of the neutral excited state
0* by promoting an electron from a lower-energy ajp orbital to an empty e orbital within the neutral ground state of the VO cen-
ter; (b) formation energies of the VO center, this figure shows the formation energies for the ground states (blue/black solid lines),
neutral excited state 0* (red dashed line) and negatively charged excited state —1* (green dashed-dotted line). Reprinted figures
with permission of Copyright 2016 by the American Physical Society.
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Fig. 8. Schematic of the dual-level enhanced non-radiative recombination for the oxygen vacancy in SiO,*): (a) Formation energy
diagram, the (0/ 4 1) transition level of the dimer configuration (blue line) is close to the VBM, facilitating hole capture, whereas
the (41/0) transition level of the 4-fold puckered structure (red line) is close to the CBM, promoting electron capture, respect-
ively; (b) non-radiative recombination cycle, the neutral stable state V,s captures a hole to form a +1 charged metastable state
Eé , this state Eé then undergoes rapid structural relaxation over a small energy barrier to transform into the 41 charged stable

state E{, . Subsequently, E,; captures an electron, forming a neutral metastable state Voy , which then relaxes back to the initial

neutral stable state Vg5 . Reprinted with permission of Copyright © 2023 by the American Chemical Society.
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Fig. 9. Correction of phonon renormalization on hole capture calculations for Cy defect in GaNP!: (a) Visualization of the hole cap-

ture coefficient matrix C}ﬁs , when the calculation is performed in the initial phonon basis (left panel) and final phonon basis (right

panel); (b) the left panel shows the hole capture coefficients within the equal-mode approximation (red dashed and blue solid lines)

compared with those including the Duschinsky matrix J and off-diagonal corrections C’Il,“" (gray solid and dashed lines), the right

panel demonstrates that the corrected results agree with the experimental data (purple stars). Reprinted fwith permission of Copy-

right 2025 by the American Physical Society.
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Fig. 10. Schematic diagram of non-radiative recombination mechanisms modulated by different intrinsic defects in TiO,%: (a),
(d) Electron-hole recombination in the pristine crystal (processl); (b), (e) V¢ introduces a deep trap state, acting as a recombination
center and leading to ultrafast carrier capture and recombination (process25); (c), (f) Vp; does not introduce defect trap states; in-
stead, it induces spin splitting of the energy bands, activating the SOC-driven spin-flip transitions (process6) and suppressing the spin-

conserving non-radiative recombination pathway. Reprinted with permission of Copyright 2025 by the American Chemical Society.
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Fig. 11. AIMD and NAMD simulations of corresponding physical quantities for the pristine crystal and different electron polarons
(e@EP, photon@EP and Si@EP, formed by electron injection, photoexcitation, and Si atom substitution, respectively) in the
FeOOH system!%l: (a) Energy fluctuations; (b) dephasing process; (c) spectral density; (d) non-radiative recombination. Reprinted
with permission of Copyright 2024 by the American Chemical Society.
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Fig. 12. Ultrafast photogenerated electron-hole dynamics in MoSe,/WSe, vdW heterostructurel®, the left panel shows the type-II
band alignment of the heterostructure, which drives electrons and holes to transfer to MoSe, and WSe, layers, respectively, forming
interlayer excitons; NAMD simulation in the right panel indicates the ultrafast charge transfer for photogenerated electrons and

holes, with corresponding times of 71.52 fsand 1.43 ps, respectively. Reprinted with permission, under a CC BY 4.0 license.

080701-14


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. 8 (2026) 080701

(a) AIMD I ™ Br (c) VBM ™ AIMD
[ ™ Pb
| Cs
40 | 1 H:0 _ 0.00574
|
| CBM
20 | [
| 0.0104
: AR - -
» 0 : . T r E . _
o (b) RPMD = | (d) vBM ™ RPMD
: |
40 | 0.00499
B zacsaac 2l Al A cae e o x
|
[ CBM
20 | |
| 0.0105
| j: a EAVAY R A
0 . . ! : . . .
-3 -2 -1 0 1 2 3 0 1000 2000 3000
Energy/eV Time/fs
13 NQEXFUZBREIE I M (a), (b) 435024 ) AIMD(R % 1% NQE) F1 RPMD (% 1 NQE) Jr i b5 5 0 83 4 8 %,
JCrp A 58 LT AR (c), (d) Fom il % L IPR A 52 B2 07 2800 T 09 JR B Fe BB, 485 5 5%, SR 1 RPMID J5 i 45 31128 7 ) F-

¥ TPR H /N, 1T HL T B9 1 TPR (B AR B . 2856 [ 4k 2 5 2 (2024) AL AT

Fig. 13. The effect of NQE on wave functions: (a), (b) Projected density of states simulated using the AIMD (without NQE) and
RPMD (with NQE) methods, respectively, where the bandgap remains almost unchanged; (c), (d) a quantitative analysis of carrier
localization by comparing the IPR value, the results indicate that with the RPMD method, the average IPR value for the hole de-

creases, while the IPR for the electron remains almost unchanged. Reprinted with permission. Reprinted with permission of Copy-

right 2024 by the American Chemical Society.
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Abstract

Multi-phonon transitions, as a significant electron-phonon coupling phenomenon in solid-state physics,

profoundly impact the performance of semiconductor materials and devices. For material systems dominated by

deep-level defects, non-radiative multi-phonon transitions represent not only a physical bottleneck limiting the

performance of optoelectronic devices but also a necessary mechanism for achieving specific functions. Given

this dual role, this article systematically reviews the historical development and current frontiers of the theory

on non-radiative multi-phonon transitions. In 1950, Kun Huang and Avril Rhys first established the theory's

quantum mechanical framework based on the adiabatic model. After a decades-long debate with the static

coupling model, Professor Huang ultimately proved their physical equivalence, laying a solid foundation for the

theory's modern development. Entering the 21st century, leveraging the powerful capabilities of first-principles

calculations and innovations in computational strategies, precise ab initio methods have revolutionized the field.
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This review highlights two mainstream methodologies: the all-phonon spectrum method utilizing the combined
dynamic matrix (CDM) technique to rigorously solve phonon modes, and the one-dimensional approximation
which provides clear physical intuition for systems with strong lattice relaxation. These methods have
significantly deepened our physical understanding. For instance, calculations of the V,-Oy center in GaN
demonstrate the pivotal role of defect excited states in facilitating efficient recombination cycles, while studies
on amorphous SiO, reveal a dual-level mechanism driven by metastable configurations. Beyond harmonic
approximations, the review also emphasizes the necessity of incorporating anharmonic effects and phonon
renormalization (characterized by the Duschinsky matrix) to correct severe deviations in capture cross-sections.
Currently, the field is shifting from calculating static transition rates to simulating real-time dynamics. By
employing non-adiabatic molecular dynamics (NAMD) based on time-dependent density functional theory
(TDDFT), complex interactions involving spin, polarons, excitons, and nuclear quantum effects (NQE) are
being integrated into unified models. We examine the application of NAMD in elucidating intricate dynamic
processes, including spin-dependent recombination in TiO,, polaron-accelerated relaxation in FeOOH, ultrafast
interlayer exciton transfer in MoSe,/WSe, heterojunctions, and the impact of NQE on carrier lifetimes in lead
halide perovskites. These advancements not only provide a lucid physical picture of the complex dynamics of
deep-level defects, but also offer robust theoretical guidance for the design and fabrication of high-performance

semiconductor devices.
Keywords: non-radiative multi-phonon transitions, defect physics, first-principles calculations
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