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Abstract

Abstract

High electron mobility transistor (HEMT) devices based on AlGaN/GaN
heterojunction have excellent electrical properties and can be used in communications,
radar, power electronics, and other fields. The new generation of electronic equipment
has put forward requiréments for portability and flexibility. GaN-based electronic
devices on traditional rigid substrates are likely to cause the performance of devices to
fail when subjected to deformations, but the flexible electronic devices can provide
higher flexibility and expand the application fields of electronic devices, so GaN-based
flexible HEMT devices have received continuous attention and have very important
application value. The piezotronic effect is the coupling between piezoelectric and
semiconductor characteristics, by using piezoelectric charge induced by strain to
modulate the transport characteristics of carriers at the interface or junction. GaN with
a non-centrosymmetric structure is a piezoelectric semiconductor material, when a
GaN-based flexible electronic device is subjected to mechanical deformation, the
‘applied mechanical deformation will induce piezoelectric polarization, which will
affect the carrier transport characteristics. Therefore, the piezotronic effect can be used
to analyze the relationship between mechanical deformation and electronic device
performance. By studying the performance of flexible HEMT devices modulated by
piezotronic effect, it not only serves as a good bridge for the seamless interaction
between flexible electronic devices and the excitation signals in the surrounding
environment, but also provides new ideas for the potential applications of piezotronics
in flexible electronic devices. The main research contents and results of this paper are
as follows:

(1) Preparation and flexibility of AIGaN/GaN HEMT devices

The AlIGaN/GaN HEMT devices on Si substrates were fabricated by micro-nano
processing technology, and a simple and easy substrate transfer technology was

developed to prepare GaN-based flexible HEMT arrays.‘ The morphology testes of
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semiconductor materials and devices show that the large-scale and well-arranged
HEMT arrays on the rigid substrate have been completely transferred to the flexible
substrate, and the electrodes of the flexible HEMT devices remain intact. The results
show that the substrate transfer technology can achieve large-size, complete arrays
transfer, which provides a new solution for the flexibility of GaN-based electronic
devices, and also lays the foundation for subsequent research on flexible electronic
devices. '

(2) The piezotronic effect modulated GaN-based flexible devices

The analysis of the properties of nitride materials shows that the removal of the
substrate increases the defect density inside the material and changes the stress state,
resulting in a reduction in the sheet density of the two-dimensional electron gas at the
heterojunction, which affects the electrical performance of the flexible HEMT device.
The modulation of piezotronic effect on flexible HEMT devices is explored, and the
mechanism of piezotronic effect modulation is deeply understood through self-
consistent calculation of heterojunction enmergy band. The results show that the
piezotronic effect can effectively adjust the electrical performance of the flexible
HEMT, and can achieve an effective interaction between electronic devices and external
stimuli. And the research can also provide new insights into the potential applications

of piezotronics in flexible electronic devices.

Key Words: AlGaN/GaN HEMT device, flexible electronic device, piezotronics, two-

dimensional electron gas
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1.1 GaN#MRISHHHMRER
1.1.1  GaN PR A

SRR RS BEARFEW M. N 1947 FE-XRAEERHE
&, EELRNETEMAES T LS4 PUE R B LUK S SR Tk
WHFEERS . TERLHELET RSERENERR, ERaR
BREESs, LA —EREEEARNEREEM. &5k, ¥36H
BEMEET Si il Ge M —RESEMEY REIET GaAs M InP KIFE A,
EH|LL GaN Al SiC AREME =LA RIS, ZET GaN M SiC FZE =/
LS aARMATLIL BRI, BNEERERER. EF5BRREREN
R, WBETBE. BESNAMNKYR. B, RESFHEREN. &
HRBRBER L SEFRNEASHINE 1.1 fin. BIRTH, 585K
B RBSEM R, SRR S4A GaN ML SRR, ATRASE
JRAEGiE SR S, REBEMHRTREERSNFG TIHRESER T
fE. GaN {ERH —RLBPHAAMBRE THFET. BIRE. SGEFREUX
e B SR M BIR TR IR B DR

11 AFREREHENERSEE

Table 1.1 Basic parameters of different semiconductor materials’®”

WESH Si GaAs 4H-SiC GaN
HEHEREE (V) 112 1.42 3.25 3.39
HFERR [cm¥(V's)] 1400 8500 950 1000
XA 11.4 13.1 9.7 8.9
HFEHE MV/em) 0.3 0.4 3.0 33
HFFE [W/(emK)] 1.5 | 0.5 49 2.0
HATHRAEE (107cm/s) 1.0 2.0 2.0 2.7

Baliga {{E 1 11 73 180
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GaN - Sk bR R fE e S Ah k. SFERR G, INEER G A B 3
B, SRR TR LT L S M RN, RS
TR, BEASTRERT SN, BTENKRERTIERE, S
BIEEILT, GO0 GRS SARR TR LI R R A%
BEsl, e EREtKy, BFIREEN, TIEny Sh—Bry
W, REEMSEERRTAGE. GaN MR BALMME 1.1 Fimb.

B 11 GaN MR (a) GAF-H; (b) IS i

Figure 1.1 Crystal structure of GaN material (a) wurtzite structure; (b) zincblende

structure

—RT S, FET S GaN MEEREEERAFRRME. GaN MBI
BN 5B T Pesme B, ANAEEREN, REFNMEHANT RS
77 R 50/8 KEMHTEMT . E4485 (0001) FHEF, 7E<0001>77
7 F BT ABABAB 8. 80 GHAIERONREME, FERMNER
WALRUR B AR Ak . X TEPEE0 4540 GaN, ¥PAT T o BNTT 1M Ga JRTH
N BETFHEARZHES], E[0001)F1[0001]7 [F -5 B BRA F KR E: Ga T
CRINTE. WA E SRR E R R R A A AR G805
) Ga THEL N T~ ZE W& 1.2 .
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B 12 ARERERLEER S GaNUo 1]

Figure 1.2 Different polarities of wurtzite GaNU0 11

GaN R BL SIIREAYIA R (Bl AlGaN %) MR RESEH. FHR
R, A E O S RS A [ K 2 SR A RL TR B — R e R R
R, 76 AlGaN/GaN RFRZ T, HT AlGaN A1 GaN 2 [HF77E A s # 5
ARG SR REAR, FH AIGaN EHFENAE, FIREHBRNKN, T
GaN EREENBEL TIRANEERE, SMEELTHBRE, BRRFEER
WALBRL . RIRE T HIRALBN SAE AlGaN BT R E A=A ER BT,
I SRR R M I B TR AR GaN E I BT R H Stk A By, SERRf BAER B
LHAEL, EMAGTETEEZNEEN. AlGaN/GaN 545 kit
RN 1.3 Bras, o Pep Al Pee AR B KARALIRERNE %1‘&%'&‘%79‘5 o

—0sp :-_E._ -
AlGaN PSP PPE —0OpE
< R AR +0,
Sl B T N = 2%
—Osp4—]
GaN Psp
R TR l
—_ ==t 0sp
i

B 1.3 GaTi AlIGaN/GaN R %45 R ALRL

Figure 1.3 Polarization effect in Ga-face AlGaN/GaN heterojunction
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1.12 GaN EHBFHMH

GaN B TS T B . T EBR. 2 TR TS s
RN, ANk, DARET ZHATN GaN BL BESEYE, SERREN
WS (HBT) 18, &BYSAHMMN AT (MESFED). MHETIEBRME
(k% (HEMT) FI4BE MR EAE (FET) 19%, o HEMT 842 Ga
R TR RN, BAREEEE. RSEmE R RO RETHIE
A R, RV TR T R, SRR S BT RE
BN, ORI RS, HEMT S8 L i S kS E R
=T, MUATEN. TEAMEIERNEARELEARE. HEMT 84
ML R RN BT, . BB AR TR SRR,

J Multiple 3GHz  Few

3 . 1 .

competing ‘_:—" competing
technologies ‘ technologies

1000 v

| SiC MESFET |

I
1 10 100
Frequency {GHz)

B 1.4 RES SR80 i R IR A Hh T 3

Figure 1.4 Application frequency and output power of different semiconductor devices?’!

1993 4, Kahn FISABFE]H T &2k AlGaN/GaN HEMT S84+, =4£J5 GaN
3 HEMT 52449 I8 8] T sh =420, 1hJE, GaN # HEMT #4R21T
BOERE, £EX. BE. SREBRNERRENSSET RS MINAE
6. AlGaN/GaN 5:fi % B RSB HIPEAERE, & GaN = HEMT S3FHIE T
BlE M. AlGaN/GaN 5 R 45 S AL SRR, T BRI RA R
B BATAL R R BRI, B M7E SR 45 ST B GaN B IR LRI ET
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B, ESREEEENAT, BRTLUERRERTE RS NEETAEH
BRI ZHPRBI 4B TS (2DEG) P52, M 1.5 fR. BUEERBRE
R, BREFHAMERERE (5 10° om® B4 i 2DEG, iH 2DEG H
EBREERTHBTREBE, X5 AlGaN/GaN B R AWK EANAT
PSR K 2y 58 el F e 4% T

B 1.5 AlGaN/GaN RFR R E

Figure 1.5 Band diagram of AlIGaN/GaN heterojunction

A AlGaN/GaN HEMT #4451 a1 &l 1.6 Bioc. HEMT S —Ff=
RS REEE, SRR, RRAMR. S4RERMERS YA
TE BRI, MR SRS, HEMT B4 &M R4 R

(EIRRE) ZIAMEERSHERE. HEMT 334 MR B R 784 S iy
F R I, MBI SR T RERBERATIEERRE T OREE
R . SRR R R &, R AR BB R R AR A R
ODEG %, BSENTFESAE. FAEE AlGaN/GaN R 45 7EH1% 5%
B, SHEETCLEARZER 2DEG, fFERBEMMER, HEMT 341
BT IR, Frl— B HEMT 28402 % T 28401,
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Bl 1.6 AlGaN/GaN HEMT &H~EHE

Figure 1.6 Schematic of AIGaN/GaN HEMT structure

1.2 EBEBETEHRR
121 EBEETFENAZR

FHER RN SEME (1 GaN, ZnO, InN %5) SZ &t OXdHx
i, FEMEMBAR, BAETETREMEMBAFEERS. ATEEFS
FAR 3 L IR HAE AT 2 S, DRI S R R LB P P B B TR T
TALEREE X MEA FAERL2 2, AT RGH AR E it 5 S5
Z AR AR, EHhMREIRT 2007 FEKIIRE T EHRBE TS (piezotronics)
AR AB4 ST, FAde P (0 ER B R R R 2R A B R ARO[ TR
Ao R P FRLESTE 24 T i SR VR R AL BR G X MBI TS i AR ) L T 284
370, i i A o P AR B T PR SR 1R 42 7 T A B E IX VBRI T A% e P O 8RR
H9JE H B T2 3U8 (piezotronic effect) P53, {EA—FHFTBAIMSL, EAEBET
220 N AT ASCHL B R & S AN RIS M B, AR, BENATCAER AR
FAMO, BB . SIVAEM AR TSR, R BT R A
R BHE THRARBRBRE %, THEsESRERRS. AVLE
M. Bl RS, RikwRT. o Jok DA B LA AT AR 25 B R TN o
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B 17 ErETERMARR

Figure 1.7 Application prospects of piezotromics!*!)

JE B P TS AR O B SR B T R 5 T RO AR M2 S . JEpl
XHREAEED SR, Bl ZnO, GaN, InN Gl ZnS %, FIRGEH &M
SRR, DUEKE ZnO SUKRAHIPY, W 1.8 fim. F47 BEREAD
LM, 1€ c By EMBEET o BH A EEERNEARE, EEERS
T, znO BAIEH ORI ET RIEGEH, Hb ZoHETM O HETE
Sk R T T AR AL, B ZnO SKERIN ¢ HMEANRL ST, W LA IE A AR £
LR A RO AR T A B R AW BB . v 40 250 72 O A
RS E— A ERY, SRIRSARA S FNEN AR T, AN
B TR B0, T e g R —FhRAR R P R3S, Y E R R LSRR A
GiMg, PRI EYE ZnO GRKERN o SRR BRI, SEREAESH
JEEAR A B . T AT DTS MBI R A R TR, R AR
RIS BB E R,
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B 18 SR RETHERY. ) £99 50 Zoo FETEE: Ob) BHNZT Zn0
kR b RS O BUE T A IB O, SRR TR o B, B

Figure 1.8 Piezopotential in wurtzite crystal. (a) Atomic model of the wurtzite-structured
ZnO; (b) Numerical calculated distribution of piezoelectric potential along a ZnO nanowire

under axial strain, the growth direction of the nanowire is c-axis.*

PN & HF NN EAHRBALEN Y BEXIRAM, £ LED. JLHERUER
FIAPH BE FL S SR AR L5 1 . 24 p BURD n BU SURTE R R, p BUNIAY =
FOH o B R FHA T EH M, UPEREES, BTAERESXHE
HEY BAE SR AKX, AR X IR T DU 58 i T 5
ﬁ&,E%k%%%ﬁ%%ﬁ%%ﬁ%%,ﬁﬁ%&%ﬁ%%%ﬁ@ﬁﬁ?ﬁ
B8, SR, UL pn FREAE G 1.9), p B o ZARHEG T ERAR
H, {82 RA n BAER R . BB TFEENRF AV 5 RN E
B A 1 LU SRR R & B - SRS B pn S KB BRIA T 5. HEn
2 SR BRI RL A RAR R, FESEITSE S Y n B4 B R H I IE F H
WAL BB R IE R RS, HRTRIIMAE, SEAESETFRIRAREST
WAk, MTSBUREAEHSM TR (Nl 19a). RZ, HMEMEEMAZ)E,
7En BRI A N AR R SHRARTEFAE, SEE 196 PR
A R . R BRI R & pn RERGHER 2N, ©ATL
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<« Depletion» ) b < Depletion-»
ptype 00 potype (piezo)
3

nt\ / ,\ /
Piezoelectric Piezoelectric

polarization charges polarization charges

H19 BREAMREE, Y917 RSN pn MREK AL, HISAER, £5R

THSEBR R TR, (2) A () HRSEHERRERBNM, LA%

FERMS, BEERRUEES. CELANEGERAHERT ARG ERRTEN
BZ pn S HOREIEE, 09

Figure 1.9 Schematic of energy diagram illustrating the effect of piezopotential on
modulating characteristics of the p-n homojunction. With strain applied, the piezoelectric
polarization ionic charges are induced near the junction interface. The color gradients in (a)
and (b) indicate the distribution of piezopotential, with red representing posiﬁve
piezopotential and blue representing negative piezopotential. The band diagrams for the p—n
junction with and without the presence of piezotronic effect are shown using the red solid

and black dashed curves, respectively.8]

ERBRSFEEBRTS (HEG) J5H, AlGaN/GaN #7545 Mtk se EN T HAl
I EEAI R RS . IR R TNk A HEG MEMERE, FERE
—FEEE BV R AR AT, & RABER AlGaN/AIN/GaN 5 R 4Kk
WA 1.10 frml, EXMEMT, BRI TFRAALKABHFESAEBEN
R FRIEZE LR, HREEE HEGH Y], A NRIERT, REMBIR T
P 2 O ALGaN/AIN/GaN SR SRk 2% o P b B . 2l

9
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Figure 1.10 Piezotronic effect modulated heterojunction electron gas in an
AlGaN/AIN/GaN heterostructure microwire. (a) AIGaN/AIN/GaN heterojunction atomic
structure and energy band diagram; (b) Source—drain current under the strain; (c) The

sheet density of HEG confined in the potential well under strain.*’!
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e, ERIM g =-0.53%F] 1L31% KIBIEAR 02%; (b) F— ZnO SGT H#AHE=FARFHH
Vos B TR Ins-e 55050 BN 1V. 075 VRI05V; () ZnO FPRE SGT EAR

& TRIREEH. &)

Figure 1.11  Single ZnO nanowire strain-gated transistor (SGT). (a) Ins-Vps output
characteristic for a ZnO SGT device with strain sweeping from g; =-0.53% to 1.31% ata
step of 0.2%; (b) Ips-g; transfer characteristic for the same ZnO SGT device under three
different Vps bias values: 1V, 0.75V and 0.5V, respectively; (c) The band structures of the

ZnO nanowire SGT under different conditions. "
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#f0 200% LL L, T BN HER A REUE AR E T 200%H 300%. XTI
FRR T —MERT R, TR RAE RSN R GUEFURN M F R, 95
HREE RS R MERE, B BV YA BTN F K TR IR

a b

w = *
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015E
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B 1.12 ZnO SRS EEEARBRNRRE LR, (a) H GOox BHilyRMEMME
B2 ZnO SKER; (b) ZnO K41 SEM B, HEREBIRENBKRE. &
() -033%R! (d) -0.79% Pi3E PR FRMB AT, ZnO FPREN It fedize.

Figure 1.12 Schematic of the ZnO nanowire glucose sensor and its performance. (a)
Unstrained and strained single ZnO nanowire decorated with GOx; (b) SEM image of the
morphology of the ZnO nanowire. Inset image is a magnified view of a single wire; I-t
characteristics curve of the ZnO nanowire as glucose is added over time under (c) -0.33%

* and (d) -0.79% compressive strain.’*’!

i3



FEEREET RN

1.3 iR FHRHHIR

FEEWBM 5 R B F R TR S S MMONA, Rk a8 r22 T
FRSRER 22 k450, BEIHRE KBRS . AEERNETREMEt, i
HBFSMEEE AT M. RRSYURER, ERRTHRARIER LE, WU
LIAE SN B TR TR B B AR, EEYT. BRIEFME. FEUARER
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Figure 1.13 Application fields of flexible electronic devices*]
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FRPRE PR AT EERREE, ETERETHME. AMRE., FFEET
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EEBERBIFTENE L, AT EARSERRNF & LSITeE. Sxtnfse
Tl HEMT S:4F Ak O LB, Sarra Mhedhbi & A\ SSHEL BT FTIRE T
F:4%: AlGaN/GaN HEMT #3F. ZH & LZBERNEEDR: BEREA R
KRR SR AR BT b B RAFIURTT B R, R
EFH AMR (XeF) #HTHEBEHETHIMERBRENENE, REHER
R HEMT S8R & 2R MR . WHBRI R S A E 24T MR
T4, ik AlGaN/GaN HEMT 234 BA RIFHZRE. SXEBTIENAT
GaN HARERA R LINRBTZ, ERENEY DERREE T ZRBRIER
%, B AEEFE EMEA.
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Figure 1.14 Flexible HEMT device. (a) Optical images of the device; (b) In-Vps

characteristics for flexible HEMTI66]
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ZERI T LIRS — B (RAR, I Btk HEMT 8F 8RB TRBM B F e, 1
b, XIFERICIERLST T GaN 2 HEMT s3SI R b7 7 ¥l . =g
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Figure 1.15 (a) Cross-sectional TEM image of GaN HEMT material stack; (b) image of

flexible GaN devices; (c) RF performance of the flexible GaN HEMT!")
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21 ZEHRSMNEERE
E S A
ARSI BT B AR 54 F IR 2.1 s
£ 21 ERME BN

2.1.1

Table 2.1 Experimental materials and chemical reagents

2R A% PR
A 500 ml, AR LT
7.5 500 ml, AR FEREREI
;R 500 ml, AR eI
IEHESEZIR AZA620 WY BRI THRAERAR
FAESE R SUN-9 WY BRI THEARA
BYW SUN-238D W ER AR THRERAR
Apizeo U APIZEO Wax AR ORI A R AR
TR 500 ml, AR eI
SRR 500 mi, AR EERHI.
UKERTR 500 mi, AR R
=R Rk 500 ml, AR AT

2.1.2 SCIG{UBFFERH
A S8 BT B B AR AN AR 2 IR 2.2 iR

#£22 FELBRSEE

Table 2.2 Main instruments and equipment

| B ®E HEFETR
WRE AR TFEME Nova 450 #3 FEI
HERASEE R AL SI 500

£ SENTECH
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AEER IR THARPTA

F22 FEMBSHRE ER

Table 2.2 Main instruments and equipment (Continued)

2R S HEFETR
AN MA6 & Suss
HERATHTREREEREX Explore 14 %M Denton Vacuum
Fei B 8k LabRAM HR Evolution ¥:E HORIBA
S AR G MFP-3D-SA-DV 2E Asylum Research
EREVALE MR AL CCS 3x2 MOCVD %E Aixtron
{8 B AR AT SRS RN VERTEX80v %= Bruker
B X S ERATAAX D8 DISCOVER #£E Bruker
P BRI RS B1500 2%ME Keysight
FHETHFEGEN ToN 40 %HE PVATePla

22 MRRERZE
221 FHEBETFERER

FRETEME (SEM) R—MEMAEHRS LR, BAFHRERE. K
Wk TR PR N, MR % B RAEREN
WMEBRZMA. SEM FABEREFREMERLRE, UZBRREHITR
R R TR E B X TSR R o BR B RS . S Rgitfs, RE
M TFRAESHRBMHEERAXAEELSHETES, XEYEEFSEES
WHETF. R EFIRKETESE (WE 2.1 fim). EREREENXT,
SEM FERE KBTS HTHES, REGNEREZESAETES
AR 5 2 18] S AR ELAE P P IR B A TS B AR R . AR SCEIE R T
FEI Nava 450 & {4 4653 R SHRH# BT EMER RSB RE R SETR
fES 3 HT.
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Figure 2.1 The diagram of the generated physical signal
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FURER ORTTRER . 24 AFM FLRE MR IR R RTINS, RIBATRER 2 I
AFAMEAERS (REARERD), SRERRENE, HH5IRENEE
HBOEROR A . KRG T RS E R RSO RE, TTLLERE
A SRR, WTIRERRRINHSER. AFM T/ RE
B 22 Fim. HEl, APM BAGOREELY. WEASDRAESRAE T ISR
L),

Fe RN

v REET

E 22 AFM HT/EREEE

Figure 2.2 Working principle of the AFM
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AR 152K
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Figure 2.3 The diagram of Bragg’law
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Figure 2.4 Raman and Rayleigh scattering processes
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RIS e BT ET, ¥RAKNESEME Ti N Al KB REER, 8
&5 GaN e RBR @ s, HEHT VAl EBASERR THEN, FESMF
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Figure 2.5 Test chart of transmission line model
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R RAER AR, Ry WML, W BRI
ENERKEL = Jpc/Rsys 2 d>» Lk, coth(d/Ly)—~1, WA

= pRsuwlr | Rsu,
R= 2=+ - 5L (2.3)

@it TIM WS R FRg A e R FEEREE L R fb Ak, mTbie
| R-LXZEE (E 2.6 i), HxRETURBERIME (Rgy/W) S
FE QR WIBUE, BHEHMKEL TR Al R,

—p2.
pPc= R¢ Re 24)

MERSER] (TLM) F7i:tHEA8 5] i Al v FE 2 P B SA LR Q- em?,
34 b L B2 T BRBEE 1107 Q- om? B, TLM SRR FTB 4 R
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Figure 2.6 R-L diagram
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Figure 3.2 AFM morphology of semiconductor material
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Figure 3.3 The main preparation flow chart of HEMT
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Figure 3.4 Schematic of exposure and development process
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Figure 3.5 Main steps of substrate transfer technology
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Figure 3.6 (a) Optical photos of HEMT before and after substrate transfer; (b)

Optical images of 3 x 3 HEMT array; (c) SEM images of a single flexible HEMT device
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Figure 4.1 Principle of stress measurement by Raman spectroscopy. The observed phonon

frequencies of a strained crystal are shifted with respect to the strain-free values @ %!
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Figure 4.2 (a) Raman spectrum and (b) rocking curve of GaN (002) plane before and

after substrate transfer.
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Figure 4.3 (a) C-V curve and (b) carrier concentration as a function of depletion depth on

Si substrate and flexible substrate.
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Figure 4.5 DC electrical performance of AlGaN / GaN HEMT devices. (a) Output curve
and (b) transfer curve of HEMT device on Si substrate; (c) output curve and (d) transfer
curve of HEMT device on flexible substrate; (¢) and (f) comparison of DC electrical

performance of HEMT devices on different substrates.
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(c) Schematic of a device modulated by piezotronic effect.
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