Growth and Doping of a-Ga,0, with Suboxide Molecular-Beam Epitaxy (S-MBE)
Cornell PARADIM REU | PI: Dr. Darrell G. Schlom | Mentor: Jacob Steele R DonnState.

L @/

f
TARADIM Penn State University | Julianne Chen @ Schreyer Honors College

. MBE- | | 1] S1: no buffer ) R | ' | — 1 ¥ Phase 1: Grew a-Ga,0, on flat substrates with no steps
e Hhenum Bnvonmen " Noa-Ga,04 ' ' ' '  High T a-(Al,Ga), 0, buffer with Al fixed directional
1. 2Ga+1% 0, > Ga,O . S2: a-Ga..O . = . .
notals 't‘2 t 2 i YO pEOElS ﬁ. iy 223/3 conductivity and improved electrical properties
ate Armiting step o : E(Phase 2: Improved conductivity on flat substrates
2. Ga,0+20 - Ga,0 S " H:61.6 cm¥/(V:s) T
- 2 23 | . PWHM: 0.983° * Optimized film T and ozone P
* Ga,05+Ga > Ga0 E(Phase 3: Plotted carrier concentrations v. mobility
 Estimated dislocation density, broke current literature records

wn
N

| . , S3: a-(Al,Ga),0,
S-MBE: more efficient -- = R:49 Q/

1. Gazo + 20 9 Ga203 RHEED gun = STEET l.l: 78.8 sz/(V'S) 2I0 | 3IO | 4I0 | SIO | 6I0 = 7IO
screen 26 (°) 20 (o)

 Increase growth speed Ga,0 A FWHM: 0.167°
Hybrid peak between film and substrate peaks, associated with high order ‘N 7
o A buffer is clearly needed and adding aluminum increases mobility and lowers resistance Future Ork
c- pIane( 006) [2] . . )
fpine (,O ") | - a(ﬁ'gg)e Tl.mabl? lat.tl(:? of 3'7. ?'6 eV Phase 2 Results * Optimizing aluminum alloying to increase bandgap
| PR . """+ Higher intrinsic mobility than f-Ga,0, » Confirm dislocation density calculations with STEM
. P

Intensity (arb. units)
Intensity (arb. units)

r-plane

: i2 * Electrically conducting + transparent Vi . : : : : _
bpan " " (1012 y g p " - L - Best Stepped Film: | Dgtermme which estimation methods are accurate for a-Ga,O,
> ‘. up to 250 nm | o SxW0tom | e p:7.4x103 Qcm  Liquid nitrogen Hall measurements

1x1076 torr i m 1x10 ®torr

o 1N (0001} , 75} _ . .
oo G 1. Transistors | Stepped Substrate AIGa623 | * _ Stepped Substrate AIGa623  FWHM: 0.352° « Lower T decrease polar optical phonon scattering

2110 . , 300} : o . . . . :
[2”01"L‘mml La 2. Solar-blind UV photodetectors - ~ | ) Best Flat Film:  Shows extent of ionized impurities and dislocation scattering

Sapphire a-Ga,0; 3. Photocatalysts Currently = | * p:1.9%x10° Qcm limits

« Sapphire & a-Ga,0, are isostructural with 4% lattice mismatch Unmeasurable | & . * FWHM:0.1677 « Annealing Ti/Au contacts to create Ohmic contacts
High Py, & low » Allows us to measure mobilities at lower carrier
film Tresults in concentrations currently unmeasurable due to high resistivity
better films than 100 e
stepped substrates [| X SMBE, This Work

Flat m-plane substrates - RMS of 24.5 nm, 436 nm thick g0 b Y HVPE
- Directional conductivity, along cracks or streaks of 5-Ga,O, Phase 3 Results ' |
Stepped substrates can’t be produced in an efficient manner 60 [

 Growth on flat substrates must be optimized « SiO, Source T varied from 1175-1400°C to ~ 10% ° S e .
control carrier concentration

Decreasing resistance with increased

carriers

* Siactivation 50% =2 25% at 1400°C,
leading to higher resistance

High mobilities suggest our high

structural quality caused increased . R
mobility with lower carriers 1078 10%° 10%° Acknowle dgements
Expected Carrier Concentration (cm™3)

Below is an analysis of our best films (AlGa722, A1G726) to current literature  Thank you to Jacob Steele, my mentor, and Professor Darrell G.
Stepped substrate growth AFM Flat substrate growth AFM ; . 300, 0° g Schlom, my principal investigator, for their support and guidance

Current
I i 220, 30° . . o .
Parameter . o AlGa722 AlGa726 | [r'L 113 20.82° o throughout this project. This work was conducted in the

[3] 104, 52.11° ¢
o FWHM 0.27° 0.167° 0.185°
Experimental -
Resistivity | 2.7x102 Qcm | 2.01x103 Qcm | 1.67x103 Qcm

— 224,65.12° ¢ PARADIM facilities, supported by the National Science
[5]

T Foundation under Cooperative Agreement No. DMR-2039380.
d Phase 1: Growth on m-plane, flat substrates with no steps Mobility | 65cm?2V-s?® | 78.8 cm2V-'s? | 81.7 cm2V-ls

* High T a-(Al,Ga),0, buffer to fix directional conductivity by Dislocation [7, 8] [6] N
reducing lattice mismatch DenSitY 10111012 cm 3.72x10% cm™ 2.48%10° cm™ ~-1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1
Omega (°)

* Al prevents -Ga,0, as Al,O, and a-Ga,0O, are isostructural * AlGa722 FWHM widens w/ { due to edge dislocations from 0.167° to 0.402° [1] G. Wu et al., IEEE Access, vol. 10, pp. 9848-9855, Jan. 2022, doi:

- Hybrid peaks, associated with high order, present in both AlGa722 and AlGa726 https://doi.org/10.1109/access.2022.3143811.
2] R. Jinno et al., Science Advances, vol. 7, no. 2, p. eabd5891, Jan. 2021, doi:

430450 nm a-Ga,0, + Si doping  AFM W/ no cracks or f}-Ga,0, formation, due to the high T butfer with aluminum https:/doi.org/10.1126/sciadv.abd5891.
F - AlGa726 | AlGa722 (3] M. Lee et al., Materials Science in Semiconductor Processing, vol. 123, no. 123, pp. 105565—

e — —— AIGa726 105565, Mar. 2021, doi: https://doi.org/10.1016/j.mssp.2020.105565.
[4] S. Vogt et al., Physica Status Solidi, vol. 220, no. 3, Jan. 2023, doi:
https://doi.org/10.1002/pssa.202200721.
5] Akaiwa et al., Physica Status Solidi, vol. 217, no. 3, Jan. 2020, doi:
https://doi.org/10.1002/pssa.201900632.
6] J. E. Ayers, Journal of Crystal Growth, vol. 135, no. 1-2, pp. 71-77, Jan. 1994, doi:
https://doi.org/10.1016/0022-0248(94)90727-7.

d Phase 2: Match stepped substrate conductivity w/ flat substrates 7] K. Kaneko et al, Japanese Journal of Applied Physics, vol. 51, no. 2R, pp. 020201-020201, Jan.
2012, doi: https://doi.org/10.1143/jjap.51.020201.

D Phase 3: MOdUlatlng carrier COnCentrathnS V. mObl—-lty s : ~ ‘ | e 8 T. C. Ma et al. Applled Physzcs Letters vol. 115, no. 18, Oct. 2019, doi:
* Dislocation density estimations RMS: 0.695 r nm, 410 nm tthk RMS: 0.664 nm, 485 nm thick . https://doi.org/10.1063/1.5120554.

p
r-plane

Resistivity (Qcmx10-2)

a-Ga,0, is more stable on m-plane sapphire (Al,O,) than a-plane _ . . :
Stepped m-plane sapphire > RMS of 7.6 nm, 360 nm thick Film T (°C) Film T (°C)

o0
o

20} Currently

. Unmeasurable
®

o
o
Mobility (cm?V's™)

20 |

oYy % dbewm g,
1077 108 107
Carrier Concentration (cm'3)

o
Currently =
Unmeasurable

N A
S o
Hall Mobility (cm?V-1s-1)

Hall Resistance (Q/[])

o

Intensity (arb. units)

35 nm 750°C a-(Al, ,4,Ga, 4,),05 Buttfer

m-plane Al,O, Substrate

Intensity (log arb. units)




