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GaN0.025As0.975−xSbx /GaAs quantum wells �QWs� with x=0.27 and x=0.33 were investigated by

contactless electroreflectance �CER� spectroscopy. CER features related to optical transitions

between the ground and excited states were clearly observed, indicating that these QWs have type-I

structures. By matching the QW transition energies with those obtained from theoretical calculations

performed within the electron effective mass approximation the conduction band offset in these

QWs is found to be close to 40%. The resulting conduction band discontinuities were found to be

�200 and �150 meV for the QWs with x=0.27 and x=0.33, respectively. © 2006 American

Institute of Physics. �DOI: 10.1063/1.2370506�

The demonstration of band gap narrowing in GaInAs

with the introduction of nitrogen by Kondow et al.
1

has pro-

moted intense research towards high-performance

GaInAs quantum well �QW� lasers for the fiber optic tele-

communication windows �1.3 and 1.55 �m�.
2

Another prom-

ising material for 1.3 and 1.53–1.6 �m lasers is

GaNAsSb.
3–8

It is well known that the bowing parameter for

GaAsSb is three times higher than for GaInAs �1.43 vs 0.48

�Ref. 9��. Assuming the same influence of N atoms on the

band gap energy, it is thus expected that the GaNAsSb band

gap will be significantly narrower than the band gap of GaIn-

NAs with the same strain, e.g., GaN0.025As0.645Sb0.33 should

have smaller band gap energy than Ga0.64In0.36N0.025As0.975

�the strain for the two compounds is �2%�. Moreover, recent

investigations suggest that the N-related redshift is higher for

GaNSb than for GaNAs.
10,11

Such a tendency has indeed

been observed for bulklike layers with low In and Sb

contents.
12

Thus emission at 1.55 �m is easer to achieve in

GaNAsSb/GaAs than in the GaInNAs/GaAs system. How-

ever, for a long time, GaNAsSb was not considered for laser

applications since it was expected that GaNAsSb/GaAs

QWs are type-II structures. According to the band anticross-

ing model �BAC�,
13

which has been applied to Ga�In�NAs

system,
2

it is expected that N in GaNAsSb influences the

conduction band only. Note that within this model some con-

clusions on the band gap discontinuity in GaNAsSb/GaAs

QWs appear automatically and they have been discussed by

some authors.
14,15

However, these results cannot be treated as

an investigation of the conduction band offset in

GaNAsSb/GaAs QWs. Recently, photoreflectance and con-

tactless electroreflectance �CER� spectroscopies have been

applied to study the conduction band offset in

GaNAsSb/GaAs QWs.
16,17

It has been shown that

GaNAsSb/GaAs QWs with �2% N and �11% Sb provide a

confinement potential for both electrons and holes. However,

for 1.5 �m emission the Sb content has to be increased up to

30%–35%. Several reports suggest that GaAsSb/GaAs QWs

with high Sb content are type-II structures above a critical

composition.
18,19

Therefore, a key question emerges: Is the

electron confinement in highly strained GaNAsSb/GaAs

QWs appropriate for laser applications? The aim of this letter

is to answer this question since no experimental investiga-

tions on this issue can be found in the literature. Also, ex-

trapolations of previous results
16,17

may not be valid for Sb-

rich systems since it is well known that the dilute nitrides are

an unusual system whose properties cannot be easily ex-

trapolated from the constituent binary materials. Moreover,

the crossover in the conduction band behavior of GaAsSb

films on GaAs substrates is a subject of some debate.
18,19

The

present sample with Sb=33% is thus in a regime where the

band alignment may change rapidly with composition. In

addition, the N-related redshift can be distributed between

both the conduction and valence bands. Thus direct investi-

gations are necessary to determine how the band gap discon-

tinuity is distributed in highly strained GaNAsSb/GaAs

QWs.

GaNAsSb/GaAs QW samples were grown by molecular

beam epitaxy on n-type �100� GaAs substrates in a custom

V90 system using Ga and Al thermal effusion cells and

valved cracker cells for As2 and Sb2. Active nitrogen was

provided by Veeco Unibulb™ radio frequency plasma source

using N2 /Ar dynamic gas switching, as described in Ref. 23.

Two GaN0.025As0.975−xSbx /GaAs double QWs with different
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Sb contents �x=0.27 and x=0.33� and the same thickness of

7 nm were grown for this study. The QW active regions in

the samples with x=0.27 and x=0.33 were grown at 450 and

465 °C, respectively. The samples were characterized by

x-ray diffraction measurements which yielded experimental

data in excellent agreement with dynamical simulations of

the ideal structures. After growth the samples with x=0.27

and x=0.33 were processed by rapid thermal annealing for

5 min under flowing N2 at 750 and 775 °C, respectively.

The top panels in Figs. 1 and 2 show the room tempera-

ture CER spectra for the GaNAsSb/GaAs QWs with x

=0.27 and x=0.33, respectively. The strongest CER signal is

observed at an energy of �1.42 eV originating from the

band-to-band absorption in the GaAs barrier and cap layers.

The CER features observed below the GaAs signal are asso-

ciated with the QW optical transitions. There is clearly more

than one visible CER resonance indicating that these QWs

have a type-I structure. The observed CER features were

analyzed using the low-field electromodulation Lorentzian

line shape functional form
20

used previously.
17,21,22

The no-

tation klH�L� in Figs. 1 and 2 denotes the transition between

the kth heavy-hole �light-hole� valence subband and the lth

conduction subband. The identification of CER resonances

was accomplished using standard calculations within the

electron effective mass approximation. Relevant details of

the calculations were reported previously.
17,21,22

For the

present samples the value of electron effective mass was

taken to be 0.09m0 after Ref. 24. This represents an increase

of the electron effective mass in comparison with N-free al-

loys, in accordance with BAC model predictions.
13

The Ga-

NAsSb band gap energy was adjusted using the experimental

value of the ground state transition as in Refs.
17,21,22

since

BAC parameters are not well known for GaNAsSb alloys.

Note that in our calculations the value of QC was deduced

before including strain effects using the definition QC

= ��EC / ��EC+�EV���100%, where �EC and �EV are the

conduction and valence band heterojunction discontinuities

for unstrained materials. For QW laser design, the relevant

parameters are the band gap discontinuities in the strained

system, namely, the values of �EC
* , �EV

HH, and �EV
LH for the

conduction, heavy-hole, and light-hole QWs, respectively.

These values are determined in the following.

Calculations for various values of QC are shown in the

bottom panels of Figs. 1 and 2. In general, such a plot allows

individual CER resonances to be attributed to specific QW

transitions. In order to determine the value of QC for a QW

system, the best approach is to analyze the energy difference

between QW transitions as follows. The lowest energy reso-

nance in Figs. 1 and 2 originates from the 11H transition,

which is a fundamental transition for the two QW samples.

In addition to the 11H transition, the CER spectra show a

11L transition �i.e., the lowest energy transition for light

holes� and transitions between excited QW states such as

22H and 22L. Unfortunately, for the QW with x=0.33 the

11L transition interferes with the 22H transition and hence

this part of CER spectrum is fitted by one resonance which is

attributed to both 11L and 22H transitions. In addition to the

allowed transitions, the partially forbidden transitions, such

as the 31H, 51H, 24H, and 31L transitions, were also con-

sidered for our QW samples. In general, the partially forbid-

den transitions are weaker than the allowed transitions. How-

ever, the intensity of the allowed transitions observed in CER

decreases with an increase in the number of energy levels.

Thus the intensity of an allowed higher level transition can

be comparable with the intensity of a partially forbidden

transition with a significant electron-hole overlap. It should

also be noted that built-in electric fields or deviations from a

perfectly abrupt QW profile can also influence the transition

intensities. For the samples discussed here, a weak intermix-

ing of Sb or N atoms at the QW interfaces due to thermal

annealing cannot be excluded. All these considerations lead

to the conclusion that some of the partially forbidden transi-

tions should appear in our analysis. It was established that

the partially forbidden transitions are important in the spec-

tral region related to the 22L transition �1.15–1.3 eV�. The

theoretical predictions for the 51H, 24H, and 31L QW tran-

sitions in this spectral region are shown in the bottom panels

of Figs. 1 and 2. It is likely that several optical transitions

FIG. 1. Top panel: the room temperature CER spectrum of the

GaN0.025As0.705Sb0.27 /GaAs QW �solid line� together with the fitting curve

�thick line� and the moduli of individual CER resonances �dashes lines�.

Bottom panel: theoretical calculations performed for various QC.

FIG. 2. Top panel: the room temperature CER spectrum of the

GaN0.025As0.645Sb0.33 /GaAs QW �solid line� together with the fitting curve

�thick line� and the moduli of individual CER resonances �dashes lines�.

Bottom panel: theoretical calculations performed for various QC.
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have similar intensities in this spectral region which limits

the agreement between the theoretical calculations and the

measured spectra. On the other hand the introduction of

more than two CER resonances in this spectral region could

be controversial due to the large broadening of these reso-

nances. In order to determine the QC in these QWs we ulti-

mately focused on the 11H and 22H transitions.

Figures 3�a� and 3�b� show the energy differences be-

tween the 22H and 11H transitions taken from experimental

data �horizontal dashed lines� and from theoretical predic-

tions �solid lines� for GaNAsSb/GaAs QWs with x=0.27

and x=0.33, respectively. In the case of the QW with x

=0.27 the best agreement between the experimental data and

theoretical calculations is obtained with QC�40%. This cor-

responds to values of �EC
* �200 meV, �EV

HH�455 meV,

and �EV
LH�385 meV. In the case of the QW with x=0.33

the best agreement is obtained with the value QC�45%.

However, in this QW the 11L and 22H transitions interfere

with one another. Therefore, the theoretical prediction for the

energy difference between the 11L and 11H transitions is

also plotted in Fig. 3�b�. Taking into account the possible

11L-related contribution to the 22H resonance, it has been

concluded that QC may be overestimated in this case. Finally,

it has been concluded that for the GaNAsSb/GaAs QWs

with x=0.33 the QC is also close to 40%. This value of QC

leads to the values �EC
* �150 meV, �EV

HH�555 meV, and

�EV
LH�430 meV.

The results obtained in this letter are consistent with our

previous investigations,
15,16

where it was shown that the in-

corporation of Sb atoms into a GaNAs/GaAs QW with 2%

of N changes QC �the QC decreases from 80% to 50% with

the increase in Sb content from 0% to 11%�. The

GaNAsSb/GaAs QWs studied in the present work have

similar N content but much higher Sb content and hence the

conduction band offset is smaller. On the other hand assum-

ing that the highly strained GaAsSb/GaAs QWs are nearly

type II it can be concluded that the incorporation of 2.5% of

N leads to an increase in the value of QC and forces the QW

to have a type-I structure. This suggests that GaNAsSb is a

very promising compound for band gap engineering since

the band gap discontinuity can be tuned in a broad range by

both N and Sb contents.

In conclusion, it has been shown that

GaN0.025As0.975−xSbx /GaAs QWs with x=0.27 and 0.33 are

type-I structures with QC values close to 40%. This leads to

values of �EC
* =200 meV, �EV

HH=455 meV, and �EV
LH

=385 meV for the GaNAsSb/GaAs QW with x=0.27 and

�EC
* =150 meV, �EV

HH=555 meV, and �EV
LH=430 meV for

the GaNAsSb/GaAs QW with x=0.33. This indicates that

highly strained GaNAsSb/GaAs QWs are promising for

GaAs-based lasers operated in 1.3 and 1.55 �m windows

from the viewpoint of electron confinement.
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FIG. 3. Method used to analyze the QC in GaNAsSb/GaAs QWs with �a�

x=0.27 and �b� x=0.33. The horizontal dashed lines correspond to the en-

ergy difference between the 22H and 11H transitions taken from experimen-

tal data. The solid curves correspond to the energy difference between the

22H and 11H transitions obtained from the theoretical calculations. The

short dashed curve in panel �b� corresponds to the energy difference between

the 11L and 11H transitions obtained from the theoretical calculations.
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