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Nitrogen-Activated Transitions, Level Repulsion, and Band Gap Reduction
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We report electroreflectance spectra for a series of GaMAs samples withx < 0.03. For all
samples, the fundamental band gap transitig) and the transition from the spin-orbit split-off
valence bandE, + Ay) are observed. For samples with= 0.008, an additional transitionE)
is observed. With increasing nitrogen content, the increage;ins linear in, and nearly equal to, the
band gap reduction indicative of a nitrogen-induced level repulsion. The directly obggrviednsition
may arise from either a nitrogen-related resonant level or a disorder-activated indirect transition.
[S0031-9007(99)08950-4]

PACS numbers: 71.20.Nr, 71.55.Eq, 78.20.—e, 78.66.Fd

Substituting just one percent nitrogen for arsenic inthe conduction band minimum, as manifest by the directly
GaAs decreases the room temperature band gap from 1.4Pserved divergence @& andE ., would account for the
to 1.25 eV [1,2]. This is quite remarkable consideringunusually large band gap reduction in nitrogen substituted
that GaN has a band gap nearly 2 eV higher, not lowerGaAs. TheE . transition may arise from either a nitrogen-
than that of GaAs. In contrast, for conventional IlI-V al- related resonant level within the conduction band or from
loys, such as Ga,In,As, the deviation of the band gap a disorder-activated indirect transition suchlas— L..
energy from that of a composition weighted linear aver- Epitaxial GaAsN and GalnAsN samples were grown on
age is usually small and well described by the quadratiZn doped (001) GaAs substrates by atmospheric-pressure
correctionAE,(x) = bx(x — 1) with b of order 0.5 eV  metallic-organic vapor phase epitaxy (MOVPE) using
[3]. To parametrize the measured band gap reduction dfimethylgallium, arsine, trimethylindium, and dimethyl-
GaAs -, N, in this way requires introducing a composition hydrazine (nitrogen) sources [12]. Sample temperatures
dependent bowing coefficienb(x), of order 10—20 eV during growth ranged from 570 to 658C. The nitrogen
[4—6]. This incongruity suggests that, for GaAsN, the ori-content was determined from either, or both, x-ray diffrac-
gins of the band gap energy’s composition dependence difion and secondary ion mass spectroscopy. The sample
fer from those for conventional 111-V alloys [3]. Hence, thickness ranged from 1 b um.
understanding the band gap reduction in the particular Room-temperature electroreflectance spectra were mea-
material GaAsN will likely improve the understanding of sured using a contactless electroreflectance technique [13].
semiconductor alloys in general. However, other tharirhe spectra were measured in a near normal incidence ge-
the ubiquitously observed decrease in the band gap emmetry using a scanning monochromator with a broad band
ergy with increasing nitrogen content [4,5,7-9], there hasungsten-filament bulb as a light source. The unmodulated
been little experimental evidence regarding the cause of therobe beam was focused to a roughlygnm X 4 mm spot
large band gap reduction in GaAsN, until very recently  on the sample. The reflected light was refocused into ei-
[10]. Furthermore, it is precisely this band gap reductiorther a Si orLN, cooled InGaAs photodiode detector as
which makes GaAsN and GalnAsN alloys of technologicalappropriate for the wavelength being measured. A lock-
interest for integrated light emitting electronics, infraredin amplifier was used to measure the change in reflectance
diode lasers [11], and multijunction high efficiency solardue to a modulating voltage d@f750 to 1000 V at 400 Hz.
cells [12]. Figure 1 shows the electroreflectance spectra for a

In this Letter, we present room-temperature electrore2 um thick GaAg ¢7sNg22 Sample. For the modulation
flectance spectra for a series of GaAdN, samples voltages used, roughly 1000 V across 1 mm, the corre-
with x < 0.03 as well as two quaternary samples with sponding field,10 KV /cm, yields electroreflectance spec-
compositions GgyslngosASoos7Noo1z and Gaoglnges-  tra in the low-field regime where the measurA® /R
Asp978Noo22. For all ten samples, we observe both thespectra correspond to the third energy derivative of the
fundamental band gap transiti¢f,) as well as the transi- dielectric function [14]. Hence, sharp derivativelike fea-
tion from the spin-orbit split-off valence barid, + Ag). tures are expected at energies corresponding to critical
An additional transition (denoted) is observed for points in the electronic structure. In Fig. 1, three such
the GaAs-.N, samples withx = 0.008. Unlike E, features, labeled&,, Ey + Ay, andE,, are seen at pho-
and Ey + Ao, which decrease in energy with increasington energies of 1.19, 1.52, and 1.83 eV, respectively. The
nitrogen contentE. increases with increasing nitrogen latter two featuresf, + Ay and E., are more clearly
content. A mutual repulsion between tlia level and seen in the second spectra shown which is displayed with
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more clearly seen in the second spectra showriOat and 10 (h)
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E. transitions are shown with dashed lines and offset for | | | —3 X — |

clarity.

O GatmAsN ' ' ' L)
a factor of 10 magnification and offset vertically. The or . 20x .
strong E, transition at 1.19 eV witlAR/R =~ 4 X 1077 10E ' —
corresponds to the direct band gap excitatiork at 0. 0F W 0
The weaker, but still easily observelly; + A transition ! ! | TS X— ,

at 1.52 eV withAR/R = 3 X 107% corresponds to the 08 10 12 14 16 18 20 22
transition from the spin-orbit split-off valence band to the
conduction band minimum &t = 0. The measured spin-
orbit valence band splitting 0f0.33 eV is close to that FIG. 2. Electroreflectance spectra for GaAs\, [(a)—(h)]
of bulk GaAs and to the 0.33 eV we measure for a pureéand GalnAsN [(i) and (k)]. Note the different scale used
GaAs film. The transition energies, indicated by verticalfoéngﬁcﬁse%a"t%' ‘r’for"é’e"cl ::rl;h%iségin?ﬁg 2%%'56 Wt')t;‘r'% e;;g
arrows in Fig. 1, are determlned _by flttlng the_ rneasurecfransitions‘,. For the GaAs,N, samples, the nitrogen content
spectra to the Aspnes third-derivative functional formranges fromx = 0 (a) to x = 0.028 (h). For the GalnAsN
AR/R = Re{Ce'? /(E — E; + i)’} [14]. The resul- samples, the compositions are Gang.osAsoss7Noois (i) and
tant fits for theE, + Ay andE. transitions are shown in  G&.921N0.08AS0.978No.022 (J)-
Fig. 1 with dashed lines and offset for clarity.

In addition to theEy, and E, + A transitions which
are intrinsic to zinc blende 1l1-V semiconductors, a third used for each panel as well as the expanded scale used
weaker feature, denotefl,., with AR/R = 1 X 107%is  within each panel to more clearly display the above band
observed at higher energy, 1.83 eV. Tltis transition gap transitions. For the Gafs.N, spectra, the nitrogen
is observed only in GaAs,N, samples withx = 0.008.  content of the samples increases monotonically from
Neither the spin-orbiEy, + Ay nor theE, transition were x = 0 [Fig. 2(a)] tox = 0.028 [Fig. 2(h)]. The relative
observed in recent contactless electroreflectance measurgicertainty in nitrogen content is estimated to20%.
ments [9]. This is likely due to the masking of these The well-established decrease in the band gap energy
weak transitions by the strong features from the GaAs subwith increasing nitrogen content is clear. In addition,
strate which are observable for the partially transparenthe spin-orbit split-offEy + A transition is observed for
4000 A thick GaAsN layers examined in Ref. [9]. In our each sample and tracks the energy shift of the band gap
measurements, the optically thicR gm) GaAsN layer with a nearly constant splitting 6£0.3 eV. We also note
suppresses any possible substrate related features, therdbg general decrease in strength and increase in width of
enabling our observation of thig, + Ay andE features. the Ey band gap feature with increasing nitrogen content.

Figure 2 shows electroreflectance spectra for eight In addition to theEy and Ey + Aq transitions ob-
GaAsN samples [Figs. 2(a)—2(h)] and two GalnAsNserved in all of the samples, the extf. transition
samples [Figs. 2(i) and 2(j)]. Note the different scalesis apparent for the GaAs,N, samples withx = 0.008
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[Figs. 2(d)—2(h)]. In contrast t&y, andEy + Ag, which  in E. — Ejy is linear. The dashed line in Fig. 3, a linear
decrease in energy with increasing nitrogen contént, fit to these fourE; — E, points, has a slope of 1.67.
generally increases in energy with increasing nitrogen conkinear extrapolation to the dilute limi$E, = 0, of the
tent. The only exception being the highest nitrogen con# transition in GaAs_,N, yieldsE. — Eo(x = 0%) =
tent sample shown in Fig. 2(h) where tlig transition 0.26 eV or E.(x = 0%) = 1.68 eV. However, noE;
is slightly lower in energy than that for the sample intransition is observed in the electroreflectance spectra for
Fig. 2(g). However, unlike the samples with= 0.024  samples withv = 0.001. Taking into account the factor of
which have a mirrorlike surface, the sample of Fig. 2(h)6Ey implicit in E+ — Ey and definingdE+ = E+(x) —
has a noticeably lined surface indicative of structural de£;(x = 07), yieldsSE; = 0.675E,.
fects due to the large lattice mismateh(.6%. Still, the The opposite and nearly equal shifts Bf. and E
observation of thé . transition in this sample supports the with increasing nitrogen content suggest that a nitrogen-
generality of theE ;. transition. Finally, in the bottom two induced level repulsion contributes to the observed band
panels, we show electroreflectance spectra for two quagap reduction. For the two quaternary GalnAsN samples
ternary alloys with compositions @& lng.osASp.987No.013 shown with open symbols in Fig. B, — EyandA, show
[Fig. 2(1)] and Ga.g2Ing0sASp978sNoo22 [Fig. 2(j)] which  the same trends as observed in the ternary GaAsN samples.
are lattice matched to GaAs. All three of the electrore-However, while Ay in the quaternary is essentially the
flectance features seen in Fig. 1 can be seen in each of tsame as that in the ternarg,, — E, is smaller than that
two quaternary alloy samples. This demonstrates that thebserved for a ternary sample with the same band gap
observation of theE, transition is not dependent upon reductiond Ey. This is consistent with a nitrogen-induced
the strain intrinsic to the GaAsN samples and further suplevel repulsion betweelk; and E, contributing to the
ports the generality of th&; transition. band gap reduction since in the quaternary alloy some
The decrease dy + Agandtheincrease ifi. within-  of the band gap reduction is due to In substitution. We
creasing nitrogen content are both evident in Fig. 2. Hownext consider what electronic states might interact with
ever, as shown in Fig. 3, the systematic trends are clear¢ie conduction band minimum to produce the observed
when the energy differenceg,, — E, (®) and A, (A), interaction betweelr. andE,.
are plotted versus the band gap reducti®By = Ey(0) — Nitrogen substitution into GaAs destroys the formal
Ey(x). The solid symbols are for the GaAsN samples andranslational symmetry underlying momentum conserva-
the open symbols for the GalnAsN samples. When plottetion based optical selection rules and thereby may make
in this way, the composition independence/qof and the normally forbidden indirect transitions optically active.
linear increase irE; — E, for §Ey < 0.3 eV are clear. In particular, our extrapolated value fdr; (x = 0") of
Since the energy splittingB+ — Ey and Ay are compa- 1.68 eV is close to the 1.71 eV room-temperatiige—
rable, their different composition dependencies (i.e., thd.. energy difference in GaAs [15]. First principles calcu-
composition independence &fy) show that thet, tran-  lations find that the direck, optical transition is strongly
sition does not correspond to an electronic transition fronsuppressed in dilutely nitrogen substituted GaAs [16].
within the valence band to the conduction band minimumBY conservation of oscillator strength, indirect transitions
Hence, we conclude that th, transition corresponds to such adl’, — L. could become observable. Further cal-
an electronic transition between the valence band maxiculations find that N substitution for As induces intraband
mum and a level above the conduction band minimum. coupling within both the conduction and valence bands
For the first four GaAs-,N, samples for which thé& [6]. Such intraband coupling causes intraband level re-
transition is observe.008 < x < 0.024), the increase pulsion which, in addition to decreasing the conduction
band minimum, could increase tliepoint energy, consis-
tent with the observed divergence of thg and E+ lev-
1.0 els. Additional, very recent, calculations do find that the

SE, = E,(0)-E,(x) L-point energy increases with nitrogen substitution [17].
0 0 0 .
_08F | ¢ E.E b AIterngtlver, very recent pressure-dependen; phot(_)-
> N A; 0 -3 modulation measurements observe a saturation in the in-
2 4 crease of the apparent band gap energy with increasing
& 061 A7 hydrostatic pressure in GalnAsN containing small amounts
;Jé 5 - of nitrogen, a few percent or less [10]. This is explained
0.4 -7 using a simple two level anticrossing model including
‘f - 4 Al at a normally pressure-dependent GaAs-like band gap and
0.2 L L ! a nominally pressure-independent nitrogen level. This
0.0 0.1 0.2 0.3 0.4 simple model provides a good fit to the measured data
Band Gap Reduction 3E, (eV ) with Ey, the nitrogenlike level~1.74 eV above the va-

FIG. 3. Energy differences vs the band gap reduction: théence band maximum. Photoluminescence from nitrogen

spin-orbit splittingA, (A) and E; — E, (®). Solid symbols

are for GaAsN and open symbols for GalnAsN.
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trapped excitons has been observed in both nitrogen doped
GaAs:N under hydrostatic pressure [18,19] and nitrogen
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doped GaAs_,P,:N for x = 0.2 [20]. Extrapolation of surements prior to publication. We also thank C. Kramer
the nitrogen bound exciton energy back either to ambienfor help with sample preparation and B. Reedy for SIMS
pressure for GaAs:N or to GaAs:N for GaAsP,:Nyields  measurements along with H. Cheong and A. Zunger for
energies of 1.65 and 1.7 eV, respectively, close to our exinformative discussions. This work was supported by the
trapolated value of 1.68 eV. Hence, considering energie®ffice of Energy Efficiency of the Department of Energy
alone, a nitrogenlikeEt; level at E; = 1.7 eV is rea- under Contract No. DE-AC36-83CH10093.
sonable. Furthermore, in GaAs:N at hydrostatic pressure
slightly lower than that necessary for the nitrogen bound
exciton to become nonresonant, LO phonon sidebands
were observed indicating that the nitrogen level remains
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tion band [18]. Such a spatially localized level includes [1] M. Weyers, M. Sato, and H. Ando, Jpn. J. Appl. Phgs,
momentum components from across the entire Brillouin __ L853 (1992). . ,
zone, thus enabling pseudodirect optical transitions. 2] J. Salzman and H. Temkin, Mater. Sci. Eng.5B, 148
In summary, we have presented room-temperature elec- (1997).

. [3] A.-B. Chen and A. SherSemiconductor Alloys Physics
troreflectance spectra for a series of GaAd, samples and Materials EngineeringPlenum, New York, 1995).

with x < 0.03 as well as two quaternary alloys with [4] W.G. Bi and C.W. Tu, Appl. Phys. Letf0, 1608 (1997).
compositions  GgysINo.osASo.os7No.o13 and Gao2INos-  [5] K. Uesugi and I. Suemune, Jpn. J. Appl. Phgs, L1572
Asp978Noo22. For all samples, both the fundamental (1997).

band gap transitiofEy) as well as the transition from [6] S.-H. Wei and A. Zunger, Phys. Rev. Le6, 664 (1996).
the spin-orbit split-off valence bantE, + A,) are ob- [7]1 S. Francoeur, G. Sivaraman, Y. Qiu, S. Nikishin, and
served. For the GaAsN samples, the band gap energy H. Temkin, Appl. Phys. Lett72, 1857 (1998).

decreases monotonically with increasing nitrogen content[8] T. Makimoto, H. Saito, T. Nishida, and N. Kobayashi,
and the spin-orbit split-off transition shifts with the band __ ApPI- Phys. Lett.70, 2984 (1997).

gap at constant offset 0£0.3 eV. In addition, for the [9] L. Malikova, F.H. Pollak, and R. Bhat, J. Electron. Mater.
GaAs N, samples withx = 0.008, an additional transi- 21, 484 (1998).

) . . . .[10] W. Shanet al., Phys. Rev. Lett82, 1221 (1999).
tion (E.) is observed. Unlike the band gap and spln—orblt%ll} M. Kondow, S. Nyakatsuka, n Kitatani,(Y. Y?azawa, and

transitions,E increases in energy with increasing nitro- M. Okai, Jpn. J. Appl. Phys35, 5711 (1996).
gen content. The lack of interaction betwean+ A, and [12] J.F. Geisz, D.J. Friedman, J.M. Olson, S.R. Kurtz, and
E . indicates that th& . transition corresponds to an elec- B.M. Keyes, J. Cryst. Growth95, 401 (1998).

tronic transition between the valence band maximum and @3] X. Yin and F. H. Pollak, Appl. Phys. Letg9, 2305 (1991).
level above the conduction band minimum. The observegii4] D.E. Aspnes, Surf. ScB7, 418 (1973).

E. transition may arise from either a nitrogen-related[15] J.S. Blakemore, J. Appl. Phys83, R123 (1982).

resonant level~0.25 eV above the conduction band [16] L. Bellaiche, S.-H. Wei, and A. Zunger, Phys. Rev5B
minimum in the dilute limit or from a disorder-activated 10233 (1997). ,

indirect transition such aE, — L.. However, indepen- [17] E.D. Jonest al. (unpublished).

dent of the exact nature of tHe, transition, the opposite 18] D-J- Wolford, J.A. Bradley, K. Fry, and J. Thompson,
and nearly equal shifts o, and ., we directly observe in Proceedings of the 17th International Conference on

h h . ind dl | Isi b the Physics of Semiconductoesjited by J.D. Chadi and
show that a nitrogen-induced level repulsion contributes v A Harrison (Springer, New York, 1985).

to the unusually large band gap reduction in nitrogertlg] X. Liu, M.-E. Pistol, L. Samuelson, S. Schwetlick, and

substituted GaAs. o _ o _ W. Seifert, Appl. Phys. Lett56, 1451 (1990).
We thank W. Walukiewicz for informative discussions [20] D.J. Wolford, W.Y. Hsu, J. D. Dow, and B. G. Streetman,

regarding their pressure-dependent photomodulation mea- J. Lumin.18/19, 863 (1979).

3315



