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We present evidence for a strong interaction between the conduction band and a narrow resonant
band formed by nitrogen states in Galn,N,As,_, alloys. The interaction leads to a splitting of the
conduction band into two subbands and a reduction of the fundamental band gap. An anticrossing of
the extended states of the conduction band of the Ga.As matrix and the localized nitrogen resonant
states is used to model the interaction. Optical transitions associated with the energy minima of the
two subbands and the characteristic anticrossing behavior of the transitions under applied hydrostatic
pressure have been unambiguously observed using photomodulation spectroscopy. The experimental
results are in excellent quantitative agreement with the model. [S0031-9007(98)08364-1]

PACS numbers: 71.20.Nr, 62.50.+p, 78.20.—e

Semiconductor alloys containing component elements In this Letter, we show that the incorporation of N into
with distinctly different properties are currently attracting GalnAs alloys leads to a strong interaction between the
significant attention. In particular, intensive experimentalconduction band and a narrow resonant band formed by the
[1-7] and theoretical [8—12] efforts have recently been di-N states due to the highly localized nature of the perturba-
rected towards developing an understanding of the propetion introduced by N atoms, resulting in a splitting of the
ties of group 11I-N-V alloys in which the group-V element conduction band and a reduction of the fundamental band
is partially replaced by nitrogen. It has been found thatingap. This is supported by the unambiguous observations
corporating low concentrations of N has a profound effecof the optical transitions associated with the two branches
on the electronic properties of these materials. A reductionf the split lowest conduction band in Galn,N,yAs; -,
of the band gap exceeding 0.1 eV per atomic percent of Milloy samples with different In and N concentrations and
content was observed in GalNs,_, for x < 0.015 [1].  a characteristic anticrossing behavior of the two branches
This discovery has opened an interesting possibility of usunder hydrostatic pressure. The observed reduction of the
ing N containing alloys for long wavelength optoelectronicband gap energy of Ga,In,N,As; —, alloys with small N
devices [13]. It also raises an important question as to theoncentration can be fully explained by this interaction.
mechanism responsible for this unusual behavior. Model The Ga-,In.N,As,, epitaxial layers used in this work
calculations of the band structure of some of the group Illwere grown on GaAs substrates by metalorganic vapor
N-V alloys have shown that the reduction of the band gap iphase epitaxy using dimethylhydrazine as the nitrogen
due to the highly localized nature of the perturbation intro-source. Layers were grown &tum/h and570-580 °C.
duced by N atoms [8—12,14]. The largest contributions toThe layer thicknesses vary from 0.539 wm. The nitro-
the band gap reduction originate from structural relaxatiorgen content of the samples was determined using reflection
and charge exchange that are, respectively, proportional {©04) double-crystal x-ray diffraction measurements [18].
the differences in the atomic orbital size and energy of the To measure the band gap energy of the, Gh,-

As and N atoms [8,11]. N,As;-, samples under hydrostatic pressure, photomodu-

It is well known that at very low concentrations N intro- lation spectroscopic measurements were carried out
duces a highly localized acceptorlike level in conventionain either transmission or reflection geometry at room
[1I-V compound semiconductors. In GaP the level is lo-temperature (295 K). Photomodulation spectroscopy
cated slightly below the conduction band minimum. Ex-is a differential method probing the variation of the
trapolation of the data obtained for GaAsP alloys suggestabsorptivity of the samples caused by the modulation of
the level is located at about 0.3 eV above the bottom of th@hysical parameters such as the built-in surface field in
conduction band in GaAs [15]. This has been confirmedhe system [19]. The resulting spectra are characterized
by measurements of hydrostatic pressure dependent phby features arising from direct interband transitions at
toluminescence spectra that have shown an emergence ltifjh symmetry points in the band structure [19,20].
N bound excitons at a pressure of about 2.3 GPa [16,17]Quasimonochromatic light from a halogen tungsten lamp

0031-900799/82(6)/1221(4)$15.00 © 1999 The American Physical Society 1221

Solar Junction 1018
Solar Junction v. IQE, plc
DER2018-00019



VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1999

dispersed by a 0.5 m monochromator was focused opressure dependence of the fundamental band gap for the
the samples as a probe beam. A chopped HeCd las@a -,In,N,As;-, samples shown in Fig. 1 should be
beam (4420 A) provided the photomodulation. The similarly independent of the N content in the low pressure
photomodulated transmission signals were detected biegion when thd’ point energy is located well below the

a Ge or Si photodiode using a phase-sensitive lock-irK conduction band edges.

amplification system. Application of pressure was ac- In order to explain the observed pressure dependence,
complished by mounting small sample chips with sizes ofve consider a simple model of two interacting energy

~200 X 200 wm? into gasketed diamond anvil cells. levels: one associated with extended states of the GalnAs
Figure 1 shows the pressure dependence of thmatrix and the other with the localized N states. Following
fundamental band gaps of a few Galn.N,As;—, standard procedures we assume that the interaction of the

samples. The band gap energies were determined hwo types of states can be treated as a perturbation which
photomodulated transmission (PT) measurements. In theads to the following eigenvalue problem:

case of GaglngosAs (y = 0), the band gap increases E — Ey Viun
linearly with applied hydrostatic pressure at a rate of ‘ Viun E — Ey| 0, (1)

c:blsoe?r\/rg?jvf/o?i%nv-ermisorgfe rg]; bellhl?\\//losre;iiccoonrganc(igg whereEy andEy are the energies of the GainAs matrix
; group ‘conduction band edge and of the N level relative to the top
Adding N completely changes the pressure dependencsf the valence band, respectively, aWgly is the matrix

’22 tgﬁ di?]lgé Ig]i‘ i\rl]yeASQBy dSaamp;ﬁserexh;kilfoivmlﬁggsvd?;k; (glement describing the interaction between those two types
P gap 9y P fstates. Incorporation of the interaction represented by

tendency of the energy gap to saturate at high PressUre matrix elemenY,y leads to a mixing and anticrossing

The saturation is clearly visible in the samples with Iowerof these states. The two solutions of the problem can be
N contents. The pronounced change in the Pressure o as

dependence of the energy gap can be understood in terms

of a pressure-induced transformation of the nature of the E. = (Ey + Ey * [(Exy — Ey)* + 4Viy17%)/2.

lowest conduction band states, namely, from extended to )
highly localized. The gradual nature of the transforma-

tion, shown in Fig. 1, indicates that it cannot be associatedo simplify the case without involving too many un-
with a pressure-induced crossover of noninteractihg known parameters, we begin by assuming that the ni-
and X conduction band valleys, but rather suggests thatrogen levelEy = 1.74 eV and is insensitive to applied

it is a manifestation of an anticrossing behavior of twopressure. (Later we show that its pressure dependence is
strongly interacting energy levels with distinctly differ- fairly weak.) For InsGag:As, as shown in Fig. 1, the
ent pressure dependencies. The possibility of Eh&  pressure dependence of the conduction band érgés
crossing smear out due to a strong impurity-indute®  given by
interaction can be ruled out. If this were the case, the Ey = 130 + 0.1P (eV), 3)
where E,; is measured with respect to the valence
band edge, and® is the hydrostatic pressure in units
of GPa. Using Egs. (2) and (3), we find thdgy,
crossesEy at 4.1 GPa. As shown in Fig. 2, the lower

0 O0ADLO © 3 branch solutionE_ given by Eq. (2) can fit the pressure
— OPad 4 ] dependence of the experimentally observed band gap
E : o 3 energies in IppsGay o, N,As —, very well. As expected,
>, o® 3 the strength of the coupling/y,y increases with the
% o & nitrogen composition. It changes froiyy = 0.12 eV
T 1 for x = 0.009 to 0.4 eV forx = 0.023. The downward
3 shift of the lower branchE_ can account well for
W Gaygln, ehs ] the reduction of the fundamental band gap observed
O Gapelng ogNo oosASoser in Ga—,In:N,As;_, alloys. This demonstrates that the
g <A> g:uss::o.os:omzﬁ:"-g“ 1 interaction between extended band states and localized
?9 0oz 008 0023 B0e7 g N states is responsible for the downward shift of the
10 oot conduction band edge.
o t+ 2 3 4 5 6 7 8 9 10 11 12 13

A very important inference of our model is that it pre-
Pressure (GPa) dicts a splitting of the conduction band into two subbands
FIG. 1. Change of the fundamental band gaps of differenﬁ’l\!]Ith thz_etn%rgylg_lnlmum aE; anderh :n Sejr(lzht?;
Ga _,In.N,As,_, samples as a function of hydrostatic pressure. € predicted spliting, we performed p ,O omodulated re-
The solid line is a best linear fit to the experimental dataflectance (PR) measurements over a wide spectral range.

obtained from the Ga,lngesAs sample. Figure 3 shows PR spectra taken at atmospheric pressure
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from a Ga 92Ing 0gAs and two Ga-,In.N,As; -, samples.  Gayos5INg.0sNo.012AS0.083 Sample as a function of applied
The ternary alloy sample (without nitrogen) exhibits, ashydrostatic pressure in Fig. 4, along with the pressure de-
commonly observed in most direct band gap semicondug@endence of these two branches calculated from Eg. (2).
tors, two sharp derivativelike spectral signatures in its PRThe inset shows a representative PR spectrum under
spectrum corresponding to the transition from the top opressure. It can be readily observed that theand E

the valence band to the bottom of the conduction bdfyd ( transitions exhibit a classical anticrossing behavior. The
transition), and the transition between the spin-orbit split-calculations are in excellent agreement with the experi-
off band and the conduction band minimumg (& Ag mental results fo¥ v = 0.2 eV. We found that the best
transition). The doubletlike spectral structureRftran- agreement was obtained fdfy slightly dependent on
sition is due to a well-known strain effect in which the pressure. Our results yiely = 1.65 eV with a pressure
lattice mismatch between the alngosAs epilayer and dependence ofl5 meV/GPa. The obtained pressure
GaAs substrate induces a compressive strain resulting icoefficient for the N level is consistent with the results of
the lifting of degeneracy of the heavy-hole and light-holepressure dependent photoluminescence measurements in
valence bands at the center of the Brillouin zone. GaAs:N [16,17].

For the quaternary samples, in addition to the spectral The results in Fig. 4 show that application of high pres-
features related to the transition across the fundamentalre gradually changes the character of the branch
band gap (E transition) and the transition from the top from extendedt,,-like to localizedEy-like and the char-
of the spin-orbit split-off valence band to the bottom of acter of theE, branch from localizedlike to extendedlike.
the conduction bandE(- + A, transition), an extra fea- Since the dipole interaction for optical transitions couples
ture (E+) appears on a higher energy side in the PR speanuch more strongly to extended states than to the localized
tra. While theE_ andE_ + Aj transitions shift to lower states, it is expected that the pressure-induced change in the
energy with increasing In and N concentrations, fie  character of the conduction subband wave functions will
transition moves in the opposite direction. This demon-be reflected in the intensity of the optical transitions from
strates that the splitting betweé&n andE; increases with the valence band to the_ andE; subbands. Indeed we
N content, as described by Eqg. (2). Itis important to note

that the spin-orbit splitting energy, is equal to~0.34 eV AN
for all measured samples and does not depend on N con- 295K
tent. The results demonstrate that incorporation of N into - E, Eo+A,
GalnAs affects mostly the conduction band and has a negli- | | Ga In. As.
gible effect on the electronic structure of the valence band. Bo.021M0.06S
To further demonstrate the band anticrossing, as
predicted by our model, we show the experimentally mea-
sured energy positions of the- andE . transitions in the
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FIG.3. PR spectra of Ga,In,N,As,_, samples: (top)
GaygzIngesAs (y = 0), the Ey andE, + A, transitions are ob-
Pressure (GPa) served; (middle) GavsIng.osNo.o12ASo0ss, the E- andE— + Ag
transitions shift to lower energy, and a new featreappears;
FIG. 2. A comparison of the experimental results with (bottom) GgozIngosNo.o23ASee77 (this sample has the same In
model calculations (solid lines) for the band anticrossingcontent as the top sample), the addition of more N pushes the
in GayglngosNyAs;—,. Also shown are the positions of E- and E- + A, to lower energy andE, to higher energy.
unperturbedt,; andEy levels (dashed lines). The arrows indicate the transition energy positions.
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2.4

Our results indicate that the interaction is fully responsible
1 for the observed N-induced redshift of the fundamental
/ ] band gap i_n the GalnNAs alloy system for small nitrogen
concentrations.
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