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GaNAs(Sb)layers were grown by solid-source molecular-beam epitaxy utilizing a radio frequency
(rf) nitrogen plasma source. The samples contained less nitrogen and antre#y-0.8% N and

<2% Sbh than in previous studies and were examined for their optical and electronic properties and
any interactions between the elements. Secondary-ion-mass spectrometry, high-resolution x-ray
diffraction, electroreflectancdER) spectroscopy, and photoluminescelieé) measurements were

used to study those properties. We found that the addition of small amounts of antimony enhanced
nitrogen incorporation into GaAs, similar to other studies that used &-th® mole fraction of
antimony. The nitrogen concentration increased with increasing antimony flux. PL measurements
indicated an improvement in optical quality with increasing nitrogen and antimony concentrations—
contrary to the belief that adding more nitrogen necessarily degrades material quality. We collected
and simulated ER spectra to examine the general band properties of the layers. Isoelectronic
codoping can explain the improved quality when antimony is added to GaNAs. The improvement
in GaNAs with small amounts of antimony holds great promise for improving strain-compensated
GalnNAsSb)/GaNAs devices. €005 American Institute of PhysidDOI: 10.1063/1.1926398]

. INTRODUCTION 1.6 um 22 3Although antimony improved GalnNAs material
quality and surface morphology, it provided little improve-
The addition of nitrogen into InGaAs has enabled thement to indium-free GaNAs material; this may be due to the
growth of dilute-nitride materials that have much longernature of antimony incorporation and the effects of adding
emission wavelengths than previously obtainable on GaAsindium. For the same flux of antimony, 2% antimony is
Contrary to the behavior of most IlI-V semiconductors, smallfound in GalnNAsSb while 8%-10% is found in
amounts of nitrogen in GaAs decrease both the overall latticaNAsSH* The change in antimony concentration is not
parameter and the band ga@alnNAs has enabled the de- primarily caused by a change in growth rates. This was
velopment of lasers at the important fiber communicationconfirmed by the growth of a GalnNAsSb sample and a
wavelength of 1.3um.3‘5 However, the incorporation of ni- GaNAsSbh sample, grown with the same total group-Iil
trogen into(In)GaAs is not without difficulty as the optical growth rate and antimony flux, that showed differing anti-
properties are degraded due to nonradiative traps, phase seflony concentrations. Therefore, it is indium that dramati-
regation, and/or relaxatichThese issues become more ap-cally changes antimony incorporation between GaNAs and
parent in any attempts to add more indium and nitrogen t@5zInNAs.
GalnNAs to reach technologically important wavelengths  |n this work, we examine the effects of adding small
near 1.55.m.” Antimony has been used in the past as agmounts of nitrogen and antimony to GaAs to study the in-
surfactant in semiconductor growth—improving the qualityteraction between the two elements. We show, using
and surface of the materidlt was also used as a surfactant secondary-ion-mass spectromet§IMS), that the addition
in GalnNAs growth to improve the material qualfty’ How- ot even very small quantities of antimony enhances the in-
ever, it was discovered that antimony acts as both a surfagsorporation of nitrogen. This result is similar to other studies
tant and constituent when employed during GalnNASyhich used 5-15xthe amount of antimony™ High-
growth, forming GalnNAssB:" Since antimony in GaAs yesolution x-ray diffraction(HRXRD) results indicate very
also decreases the band gap, GalnNAsSb has allowed for th@,oq, coherent epitaxial growth and interfaces. We obtained
creation of devices out to 1,6m with the potential to reach aqits from electroreflectan¢ER) spectroscopy and simu-
lated the spectra to examine the energy-band properties of
¥Electronic mail: hyuen@snow.stanford.edu the material. And finally, using photoluminescern&), we

Ppresent address: Department of Physics, Chung-Ang University, Seo“blemonstrate an increase in PL intensity with increasing ni-
156-756, South Korea.

9Present address: Division of Nano Sciences and Department of Physictsljo_gen and antimony Cjoncem_ratlons _Of up to 2% antimony.
Ewha Womans University, Seoul 120-750, South Korea. This suggests that antimony, if used in the correct amounts,
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FIG. 1. (004) w/26 HRXRD spectra of the four GaNAs(Shayers. (a) FIG. 2. (004) w/260 HRXRD spectrum of the Gad\ysASp.9937Sample with

GaNy 006AS0.9937 (1) GaNy 0077250.98685.006 (€) GaNo.00dAS0 976510014 AN its corresponding simulated spectrum.
(d) GaN, 999 ASp 97085h.02 The tensile strain decreases with increasing Sb
flux.

ible structural defects. Reciprocal space maps also indicated
does improve the GaNAs material quality. The addition ofno phase segregation or relaxation had occurred.(224)
antimony lifts the valence band, thus increasing hole conteciprocal space map for the GaNAsSb sample with 1.0
finement, and can be a useful band engineering compone#t 10°°-Torr BEP Sb can be seen in Fig. 3. The other three

for the design of lasers. space maps were very similar in appearance. As seen in Fig.
2, the strain of the GaNAs layer is tensile in nature as ex-
Il. EXPERIMENTAL DETAILS pected. With increasing antimony fluxes, the tensile strain

o decreases and approaches a lattice-matched condition in the
The GaNAsSb samples used in th|§ study were grown o aNAsSh sample with 2:810°8-Torr BEP antimony. The
n-type (100) GaAs substrates by solid-source molecular-giain of the four samples was calculated from the position of

beam epitaxyMBE) in a Varian Mod. Gen-Il system. Nitro- ¢ film diffraction peak and the results are shown in Table I.
gen was supplied by a modified SVT Associates plasma cell g ;pms was performed on the four samples to confirm and

operating at a radio frequendsf) of 13.56 MHz and 300 W crrelate the compositions with those obtained from
forward power. A SUMO effusion cell was used to supply yrxRD. The results for the antimony containing samples
gallium. A valved arsenic cracker suppliedA8nd an un-  yere ysed in conjunction with additional HRXRD simula-
valved antimony cracker supplied monomeric antimony. Th;ons to refine the nitrogen values obtained from SIMS. The
GaNAsSb layers were grown at a substrate temperature &fyimony concentration was known to a high degree of con-
425 °C, a growth rate of-1.15um/h, and were 0.4m in  figence since it was a straightforward analysis compared to
thickness. An arsenic-to-gallium flux overpressure ok20 iiggen, which requires calibration. A summary of the re-
an antimony flux of 1.0-2.8 10°*Torr beam equivalent g5 from those measurements is displayed in Table I. Al-
pressureBEP), and a nitrogen gas flow of 0.5 scdstan-  gh the same nitrogen flux was used for the GaNAs
dard cubic centimeter per minuterere supplied during the g5 mple as for the other three, the amount of nitrogen in the
growth. Four samples were grown under identical growthayer increased with increasing antimony flux. The enhance-
conditions except the antimony flux. The first sample was gnant of nitrogen incorporation with antimony has been re-
GaNAs sample with 0.63% nitrogen and no antimony on ©0fsorted previously for larger antimony concentratiohg?

of a GaAs buffer layer. The next three samples were growRrhe effect is different in the present work, and in this com-

using the same procedures but included antimony fluxes Qfqsitional regime, the addition of more antimony does in-
1x10°%8 2x 1078 and 2.8< 10°8-Torr BEP, respectively.

Ill. RESULTS

The HRXRD (004) w/26 scans, shown in Fig. 1, were /
used to examine structural quality and to measure the biaxial
strain in the four GaNAs(Shpyers. The nitrogen composi-
tion of the GaNAs sample was determined by dynamical
simulation of the HRXRD spectra. The simulated spectrum
of the GaNAs sample is shown in Fig. 2 with the real data
for comparison. Simulations were also performed on the Ga-
NAsSb spectra, but require SIMS for confirmation since qua- N
ternary compound compositions cannot be determined N
uniquely. All four samples have well-defined film diffraction
peaks as well as distinct Pendellésung fringes. This suggests
that all of the GaNAs(Sbiyers are coherent with the GaAs i, 3. (224) reciprocal space map of the GaNAsSb sample with 1.0
substrate, have good-quality interfaces, and have no discerm-102-Torr BEP Sb.

Q (perpendicular)

Q (in plane)
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TABLE I. Summary of GaNA&Sb) compositions obtained from SIMS, an-
timony flux used, and strain determined from HRXRD.

Sb BEP N Sh
(Torr) (%) (%) Strain
0 0.63 0 -0.13%
1x10°8 0.71 0.6 -0.10%
2x10°8 0.8 1.4 -0.03%
2.8x10°8 0.91 2.0 -0.005%

AR/R (arb. u.)

crease the efficiency with which nitrogen incorporates; the A\
increase in nitrogen is roughly linear with the antimony flux
and composition. A previous study with larger antimony
fluxes showed only a constant multiplicative enhancement of
nitrogen with varying antimony fluxe$. Also, the rate at A
which the enhancement occurs is much higher than previ- 1.30 1.32 134 136 1.38 140
ously observed by Harmaneit al’® In the low antimony energy (eV)
concentration regime, the enhanced nitrogen incorporation

behavior can be fitted to the following linear relationship: FIG. 4. ER spectra of GaNAs(Skayers measured at 80 K with simulated
fits. Experimental data are plotted by the open and solid circles. The open
circles were neglected during the fitting procedure. The solid lines represent
the simulation. The dashed lines represent modulus of individual resonance

091 %N

2.0%Sb

[N] associated with the LH- and HH-related transitions.
——=K[Sh]+1, (1)
[No] AR

R- RCEE~Ey+il)™], 2

where[N] is the nitrogen concentratiofiN,] is the nitrogen ) _

concentration without antimony presef8p]is the antimony ~WhereC is the amplitude,f the phase angle the photon

concentration in percent, andis a constant representing the €N€rgy,Eo the transition energyl, the broadening parameter,

incorporation enhancement. The samples in this work had @1d n the exponent which depends on the type of critical

much higher enhancement K=0.21 compared to the value PCInt (we assumed thai=3). This formula is the most ap-

of K=0.03 reported by Harmaret al. It is possible that the propna_te for the low-field limit, however, we can use it to

rise in nitrogen incorporation efficiency is a rapid phenom-détérmine the energy of ER resonances because FKOs are

enon for small amounts of antimony and levels off to anot observed for the GaNAsSb-related signal.

smaller value with antimony concentrations greater than ©On the basis of the fitting procedure, the spliting be-

~5%. It is clear that antimony does have a significant effecfvéen the LH and HH bands is~15meV for

on nitrogen incorporation in the Sh=0% —2% range. GaNs posAS0.9937 With the increase in the incorporation of
Figure 4 shows the ER spectra measured at 80 K for thantimony into the GaNAs_Iayer, the tensne_ strain decreases

set of GaNAsSb layers in the vicinity of the band-gap en-Fo alm(_)st Zero, as_ shown in Table I. According to the change

ergy. The GaloosASosss; layer is under tensile strain, N strain, the splitting between LH- and HH-related reso-

hence two well-separated ER resonances related to absorp@nces decreases. The evolution of the valence-band splitting

tion between the Iight-hoIéLH) and heavy—hole(HH) va- is shown in Fig. 5. Since all the Iayers in this study were
lence bands and the conduction band are clearly visible iHnder tensile strain, the fundamental transition is between the

the ER spectrum in Fig. 4. In addition, signals below the'—'_" band and the co_nduction band. In the case of the sample
band-gap energyopen circles in Fig. $are visible. These With the lowest strain, the GaNoeASo.e7085k.02 layer, ER
oscillations could be associated with the Franz—Keldysh ef-
fect which cannot be completely neglected for these layers. It
has been concluded that the GaAs buffer layer and GaNAsSb
layers are under a significant built-in electric field due to the
small thickness of the layers andtype doping in GaAs
substrate. In the case of the GaAs buffer layer, the presence

HH-LH Splitting (meV)
oo
071%N
0.6 % Sb

[ ] p
of the built-in electric field has been confirmed by the obser- 8 zao
vation of GaAs-related Franz—Keldysh oscillatioffKOs) al §o\° o\°;3 ]
not shown heré’ Because both layers are undoped, we con- 28 5o
clude that the GaNAsSb layer also has a built-in electric field of L]
and the ER wing is most likely associated with this field. e o8 o4 0.0
In order to determine the energy of ER resonances, we strain ¢ (%)
used the well-known Aspnes third derivative functional
form*® (TDFF) FIG. 5. The valence-band splitting vs the strain in the Gal$Aglayer.
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1.35 13 125 12 ev trogen and antimony shows that the nitrogen penalty should
7000+ (@ be thought of as a “nitrogen complexity” in which the opti-
6000 mal growth parameters must be rediscovered for each com-

é 5000 e position of the alloy.
g 40 ® / IV. DISCUSSION
£ 30004 (a) ) \ ) o .
T 2000 ' The mechanism of material improvement upon addition
O\ of antimony to GaNAs is not completely known. One promi-
1000+ nent theory to explain why the addition of antimony to Ga-
0 NAs improves the material is isoelectronic codop’rﬁg.

900 950 1000 1050

Charge codoping in semiconductors allows for greater solu-
Wavelength (nm)

bility of the dopants. In a similar manner, isoelectronic
FIG. 6. PL spectra of the GaNASb) samples showing a redshift and in- codoping in semiconductors should result in the same advan-
crease in intensity with increasing antimony fla) GaN, gosASo.9037 (b))  tages. The solubility of the isoelectronic species and the car-
GaNo oorASo.9865 005 (€)  GaNooosASogrsSlhors  @nd (d)  rier mobility should be enhanced. This phenomenon was ob-
GaNo 009\ 970650 02 served with the increased nitrogen incorporation efficiency.
Also, PL intensity improved with increasing nitrogen and

resonances related to LH and HH transitions are not resolve@ntimony concentrations. In isoelectronic codoping, the large
because the strain values are very small. Therefore, this spe@dtimony atom added to GaNAs compensates the large mis-
trum could be fitted with only one resonance and explaingnatch in size and electronegativity between the arsenic and
why the splitting is zero at a finite value of strain. nitrogen atoms and leads to defect reduction. A similar be-
PL measurements were made at room temperature ghavior has been observed in the GaPNBi SVS%%HDWEVGE
as-grown samples using a frequency-doubled diode-pumpéB'S uncert_aln if t_hls is the only effect occurrlng._As men-
yttrium aluminum garne(YAG) laser at 532 nm to deter- tioned earlier, antimony was used as a surfactant in GalnNAs

mine the optical qualities and properties of the Gat8ks to improve material quality. However, what exactly the “sur-
layers. As shown in Fig. 6, the position of the factant effect” entails is unknown. Surfactant growth itself is

GaNy 00sAS0 0037 layer peak was 964 nm. With the addition still not well understood and is evident from the fact that
of antimony to the GaNAs layer, the peak intensity increased €€ are several competing’ models which describe the

. . 21-26 . .
and the wavelength redshifted with increasing antimony ﬂux.mechanlsms of improved qualrf§7. Also, itis possible that

The shift in the peak wavelengttout to 987 nm in the the surfactant effect encompasses several effects which all

GaNy 006 AS0 6705y 0o SAMPlEWas not surprising as the ad- tenr;)ance th(ej rlna_tertlr?_l qu_:t;lht):: Isoelﬁgt[]onlc codolpl_ngtra]lppears
dition of antimony to GaAs reduces the band gap in the© O€ @ mto_ el mt 'ISI s||_|ua on, Wt ¢ ca? exp ?]m c 'mr']
GaAsSb alloy. In addition, antimony enhanced the incorpog::;ﬁg:egm_'g]g;a ?‘Ir a .'s ?Zvev_?é’d' t(l)s_#]ncroeaer \,:\r']ey rzar:al:; |
ration of nitrogen, which further reduced the band gap. The ! y Tuxi qui Improv 'a
o . o .. compared to GalnNAs. An order-of-magnitude larger anti-
reduction in band gap agrees with the reduction in transition . . . .
: X . mony incorporation results in a degradation of GaNAs ma-

energy seen in ER. Interestingly, we observed an increase n

. . e . : . terial. It is possible that adding too much antimony negates
PL intensity with increasing amounts of nitrogen and anti-. : .

. ! . isoelectronic codoping effects and degrades GaNAs growth
mony in the layer. We previously reported that adding 8%_kinetics
10% antimony to GaNAs degraded the optical quality of the '
material even though the addition of antimony to GalnNAs
improved the materidl’ These results indicate that the V. SUMMARY
amount of antimony plays a crucial role in whether or not it In conclusion, we grew a series of GaNAs(Samples
improves the material. The GghboASo.g7085th.02 SAMPlE  to study the codoping effects of nitrogen and antimony in
shows ~2.3X increase in PL intensity over the GaAs. Using SIMS we have determined the compositions of
GaN gosASp.9937 SAMple as well as a reduction of the full the four samples and discovered that, for a fixed nitrogen
width at half maximum(FWHM) from 56 to 44 meV. Itwas flux, the nitrogen concentration increases with increasing
previously believed that the addition of nitrogen degrades thantimony concentration. For small amounts of antimony
electronic and optical properties of the material. We show(<2%), the incorporation efficiency of nitrogen with anti-
that the addition of small amounts of antimony negates theénony was also observed to be much higher than previously
“nitrogen penalty” and material with more nitrogen can bereported values. HRXRD was used to determine the strain in
grown with comparable or better optical quality. Annealedthe layers and to confirm that the material was of good struc-
samples were also studied. Although an in-depth discussiotural quality. ER spectra provided information on the band
is beyond the scope of this paper, those samples had unproperties of the GaNASb) layers and also showed a
formly increased intensity as well as the typical blueshiftvalence-band evolution which agreed with the strain mea-
found in dilute nitrides, but the trends were identical to thosesured from HRXRD. PL measurements indicated an im-
in the as-grown samples. With increasing nitrogen contenprovement in optical quality with increasing nitrogen and
and antimony content, the optical properties have improvedantimony concentrations. A redshift in the wavelength due to
The improvement of GaNAs with increasing amounts of ni-increased amounts of nitrogen and antimony also agreed

Downloaded 07 Dec 2010 to 129.116.230.64. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



113510-5 Yuen et al. J. Appl. Phys. 97, 113510 (2005)

with the shift in transition energies measured in ER. Isoelec-'V. Gambin, W. Ha, M. A. Wistey, H. B. Yuen, S. R. Bank, S. M. Kim, and

tronic codoping can explain why the addition of antimony to Si)l Sé:zrl”sl\'/ljg 'Esi eJr' SEe'k;‘)’(ﬁ'aS“;:é“g‘ ﬁecﬁﬁgﬂfgiﬂoﬁév -
GaNAs improves the material quality. Further study is re- ., 63p2 ('192'39)' T ' o P, FIYS. eV et
quired to understand the behavior of antimony and nitrogensx_ vang, M. J. Jurkovic, J. B. Heroux, and W. I. Wang, Appl. Phys. Lett.
incorporation more completely. Antimony compositions 75, 178 (1999).

above 2% and below 10% need to be examined to determinleoH. Shimizu, K. Kumada, S. Uchiyama, and A. Kasukawa, Electron. Lett.
the optimal growth parameters of GaNAsSb for good optical 36, 1379 (2000).

11, .
. . . . . .~ X. Yang, J. B. Heroux, L. F. Mei, and W. I. Wang, Appl. Phys. Lei8,
quality and to examine the different behaviors of antimony in 9 9. APPL P

; 4068(2001).

different amounts. 125 R. Bank, M. A. Wistey, L. L. Goddard, H. B. Yuen, V. Lordi, and J. S.
Harris, IEEE J. Quantum Electrom0, 656(2004).

ACKNOWLEDGMENTS 13\M. A. Wistey, S. R. Bank, H. B. Yuen, L. L. Goddard, and J. S. Harris, Jr.,

] Electron. Lett.39, 1822(2003).
One of the authorgH.Y.) would like to thank the Stan- 4. B. Yuen, S. R. Bank, M. A. Wistey, A. Moto, and J. S. Harris, Jr., J.

ford Graduate Fellowships for funding assistance. This Worl<15Appl- Phys. 96, 6375(2004).
was Supported under DARPA and ARO contracts MDA972- 9 C. Harmand, G. Ungaro, L. Largeau, and G. LeRoux, Appl. Phys. Lett.

77, 2482 (2000).
00-1-024, DAAD17-02-C-0101, and DAAD199-02-1-0184, 8. Volz, V. Gambin, W. Ha, M. A. Wistey, H. B. Yuen, S. R. Bank, and J.

ONR contract N00014-01-1-00100, High-Power Laser s Harris, Jr., J. Cryst. GrowtB51, 360(2003).

MURI contract, and the Stanford Network Research Centel’F. H. Pollak, inModulation Spectroscopy of Semiconductors and Semicon-

(SNRC). ductor Microstructures, Handbook on Semiconductors, Vol. 2, edited by T.
S. Moss(Elsevier Science, Amsterdam, 1994p. 527—-635.

18 :
M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, and Y. Yazawa, D. E. Aspnes, Surf. Sci37, 418(1973).

Jpn. J. Appl. Phys., Part 85, 1273(1996) A. Mascarenhas, Y. Zhang, J. Verley, and M. J. Seong, Superlattices
2M. Weyers, M. Sato, and H. Ando, Jpn. J. Appl. Phys., Pag12 L853 20M|crostruct. 29, 395(2001).

(1992). 21K. Oe and H. Okamoto, Jpn. J. Appl. Phys., Par82, L1283(1998).

°M. C. Larson, C. W. Coldren, S. G. Spruytte, H. E. Petersen, and J. S,,R- L. Schwoebel, J. Appl. Physt0, 614(1969).

Harris, Jr., IEEE Photon. Technol. Lett2, 1598 (2000). ;G- Erlich and F. G. Hudda, J. Chem. Physi, 1039 (1966).

N. Tansu, N. J. Kirsch, and L. J. Mawst, Appl. Phys. LeBl, 2523 E. Tournie and K. H. Ploog, Thin Solid Film&31, 43 (1993).

(2002). 243, Massies and N. Grandjean, Phys. Rew®& 8502 (1993).

5R. Johnsoret al., Proc. SPIE4994, 222 (2003). g, \oigtlander, A. Zinner, T. Weber, and H. P. Bonzel, Phys. Re\6 B

5P, Krispin, V. Gambin, J. S. Harris, and K. H. Ploog, J. Appl. Ph98, 7583 (1995).

6095 (2003). #D. Kandel and E. Kaxiras, Phys. Rev. Left5, 2742(1995).

Downloaded 07 Dec 2010 to 129.116.230.64. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions





