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Measurements of the transition energies of GaAsSb quantum well samples with different barrier configura-
tions reveal that the conduction band offset of the coherently strained,G&hg GaAs heterojunction grown
on GaAs has a zero crossing at a Sb mole fractiog=®.43+0.07. A type-l band alignment is formed for
lower Sb mole fractions and a type-Il band alignment is formed for higher Sb mole fractions. This occurs as a
consequence of a considerable amo(B&8%) of the -1.58 eV bandgap bowing being distributed to the
conduction band. As a suitable active material for in8emission, pseudomorphic GaAsShy 357grown on
GaAs is determined to have a weak, 23+23 meV, type-l conduction band offset and a bandgap energy of

928+4 meV.
DOI: 10.1103/PhysRevB.70.195339 PACS nuni®er68.65.Fg, 61.10.Nz, 78.55.Cr, 81.15.Hi
I. INTRODUCTION This combined with multiple variable-barrier samples is the

The determination of band offsets of the GaAsSh/GaAKeY _to our novel and robust approach which we call variable
heterojunction is critical for theoretical modeling and deviceParrier spectroscopy.
design. For example, GaAsSb grown on GaAs is one of the
more promising active materials for GaAs substrate based, II. EXPERIMENT
1.3um vertical-cavity surface-emitting laserdwhich are of
great importance for optical communication applications in- In sample set A, a 7 nm thick GaAsSb layer is placed
volving data links and optical interconnects. Both a weakbetween two fixed 75 nm thick fbfGay scAS barriers with 5
type-l and a weak type-ll band alignment for the nm thick variable height AlGa,_,As barrier spacers between
GaAsSbh/GaAs heterojunction have been repottétifrom  the GaAsSb layer and the fixed barriers. Five samples were
these measurements it is clear that a majority of the bangrown with various aluminum mole fractiong=0.0, 0.1,
offset occurs in the valance band resulting in a weak or al9.2, 0.3, and 0.4, resulting in conduction band barrier heights
most flat conduction band alignment. Furthermore, typicabf Ex=E.(Al,Ga_,As)-E(GaA9=0, 81, 162, 243, and 324
measurements of the GaAsSb/GaAs band dffsetely on  meV, respectively*1°In sample set Ba 7 nmthick GaAsSh
the determination of the electron-hole transition energy thalayer is placed between a set of fixed 75 nm thick
for the most part depends on the bandgap energy which 8l ,:Ga, ;5As barriers with GaAs spacers of various thick-
much larger than the conduction band offset. Therefore, preaesses placed between the GaAsSb layer and the fixed bar-
cise quantitative measurements of both the conduction baniers. Six samples were grown with GaAs spacer widths,
offset and the bandgap energy must be carried out in order ®©0.0, 1.0, 2.0, 3.0, 6.0, and 9.0 nm.
accurately determine the band alignment of GaAsSb/GaAs. The samples were grown by solid-source molecular beam
In this paper, we measure two sets of carefully designeepitaxy using a VG V80H system outfitted with As and Sb
guantum well(QW) samples with different barrier configu- valved crackers to control the flux of the mixed group-V
rations to precisely determine the conduction band alignmeractive layers. In both cases the 5-layer QW systems were
of GaAsSh/GaAs with Sb mole fractions suitable for irt8  grown on top of a 400 nm thick GaAs buffer e (100
emission. In this approach the position and height of electrofisaAs substrates and were capped with a 30 nm thick GaAs
barriers placed next to a GaAsSb active layer produce varylayer. The GaAs buffer and cap were grown at 590 °C and
ing quantum confinement energy shifts that are sensitive tthe substrate temperature was ramped dgwp) without
the size and type of the GaAsSbh/GaAs conduction band offgrowth interruption during the firsgsecond 75 nm thick
set. The resulting transition energy spectrum is fit to calcuAlGaAs barrier to facilitate the much lower 480 °C growth
lated results using the bandgap and the size and type of themperature of the GaAsSb active region. The substrate
conduction band alignment as fitting parameters. The modeheater thermocouple was linearly ramped between two cali-
ing calculations are done using arbitrary conduction bandbrated setpoints that had been determined before the growth
offsets and bandgap values and consequently do not rely amsing pyrometry measurements of the bare GaAs substrate.
any previous experimental or theoretical bandgap valueduring the GaAsSh layer growth, the group-V fluxes were
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TABLE I. Run to run Sb mole fraction variation given by XRD
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value of 0.357 with a high of 0.361+0.003 and a low of

measurements. 0.352+0.001. These results indicate that the mixed group-V
composition was reliably controlled during the growth of
Sample Sample set A Sample set B these samples, which is remarkable when one considers the
Al mole Sb mole GaAs Sb mole sources of instabilities in the growth of mixed group-V ma-
Number fraction fraction spacer(nm) fraction terials. The growth is done under an excess group-V flux
1 0.10 0.35140.003 6.0 0.36140.003 where the relative incorporation of Sb an_d As is very tem-
: OO ' SAtaae perature dependent, for example, a 1 °C incrédserease
2 0.40  0.361+0.003 1.0 0.356+0.002 jn sybstrate temperature during the growth of GaAsSb de-
3 0.00  0.363+0.004 3.0 0.358+0.001 creasegincreasesthe Sh mole fraction by 0.001. In addition
4 0.30  0.355+0.003 0.0 0.360+0.001 to the requirement that the substrate temperature be repro-
5 0.20 0.353+0.002 9.0 0.352+0.001 duced within a few degrees the As and Sb flux levels must be
6 B B 20 0355+0.003 reproduced to within 1% to achieve these results.

To determine the ground state energy transition of each
sample, photoluminescen¢BL) measurements were carried

Sb/Ga=0.45 and As/Ga=0.90, which for a growth tempera®Ut at room temperature using an argon-ion laser emitting at
ture of 480 °C results in a Sb mole fraction around 0.35 and14 nm with an excitation power density of 35 W/&rithe
a GaAsSb/GaAs QW emission wavelength aroundyhB Iumlnescence_ was measured using a r_ngh-resolunon spec-
To achieve sharp mixed group-V interfaces during thetrometer, liquid nitrogen qooled germanium detector, and. a
growth of the GaAsSb layer, the Sb valve was operd@ s computer contro]led lock-in amplifier. Since the PL experi-
before the Sb shutter was opened, to allow the Sb flux ténents were carried out at room temperature, exciton effects
stabilize before the GaAsSb layer was grown. are small and have been neglected. Furthermore, excitation

Knowledge of the Sb mole fraction in the GaAsSb layer isdeépendent measurements from 1 to 35 W sfow that the
critical in analyzing the transition energy spectrum; therefore”L peak blue shifts by less than 0.5 meV for all samples,
x-ray diffraction(XRD) measurements and theoretical fitting démonstrating that any blue shift due to excitation density
were done for each sample. The high-resolution XRD meadifferences caused by sample geometry is small and can be
surements were performed with a Philips MRD system using'€dlected. The ground-state energy transition is therefore
an asymmetric double-crystal, channel-cut monochromatoieasonably assumed to coincide with the peak position of the
and the Cu K, line. The measurements were acquired inPL Spectrum.
13-hour scans, with 18-arcsec steps and an acquisition time
of 60 s per point, scanning in a standa#fti26 geometry
about the GaA$004) symmetric substrate Bragg reflection.
The XRD measurements were fit with a genetic algorithm The measured transition energies for each sample set are
which determines the global best fit to a model calculateccompared to a family of calculated transition energy curves
using dynamical XRD theory. Vegard's law is assumed sucho determine the most likely pseudomorphic bandgap and
that the lattice constant of unstrained Ga4Sh, is linear in  band offset values for each sample set. The band offset and
the mole fraction. bandgap values used in the calculations are ch@edepen-

The GaAsSb mole fraction, the GaAs cap thickness, andent of previous bandgap or band offset measuremeney
the mole fractions of the two fixed 75 nm thick AlGaAs a reasonable range of values that justify the observed transi-
barriers were fitting parameters in the XRD modeling; all oftion energies. The calculated set of curves are reliable be-
the other parameters of the 5-layer QW structure were fixedause the calculations only depend on the electron and
at the nominal grown values, which are expected to be acctheavy-hole confinement energy shifts based on arbitrary
rate within £3% based on previous calibrations of the MBEband alignment configurations of the quantum well system
system. Minimizing the number of fitting parameters avoidsand do not depend on less reliable calculations, such as band-
overfitting the XRD data as well as spurious parameter valgap and band offset values based on empirical expressions
ues caused by correlated parameters. Furthermore, only tlaed material strain calculations. In detail, the ground state
mole fraction(and not the thickne3of the GaAsSb layer is transition energies are calculated for the two sample (gets
extracted from the XRD analysis becaugb sensitivity and B using arbitrary GaAsSb/GaAs conduction band off-
analysis of the XRD data indicates that the Sb mole fractiorsets, AE?"=60, 40, and 20 meV for a type-l alignment; 0
and GaAsSbh layer thickness are strongly correlated;(@nd meV for flat bands; and —20,-40, and —60 meV for a type-II
sensitivity analysis of the QW energy spectrum indicates thaalignment. The calculations are done using the transfer ma-
the transition energies are an order of magnitude more setkix method to solve a system of Schrodinger equatiéns.
sitive to variations in the Sb mole fraction than to those inBand mixing, intraband relaxation scattering, and band-gap
the GaAsSb layer thickness. shrinkage are neglected, which is a valid approximation for

The Sb mole fraction values obtained from the XRD low injection PL measurements. The effective electron and
analysis are summarized in Table I. The 5 samples of set Aeavy-hole masses used in the calculations are given in Table
(variable barrier heighthave an average value of 0.357 with II.
a high of 0.363+0.004 and a low of 0.351+0.003. The 6 The calculated results for sample set A are plotted as solid
samples of set Bvariable spacer widjhhave an average circles in Fig. 1 for the case where the arbitrary preset band-

IIl. THEORETICAL MODELING
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TABLE Il. Material parameters, calculations, and experimental results.

Parameter Symbol GaAs Gashb GaAsShy 357
lattice constant a(h) 5.65325 6.09593 5.81129
elastic stiffness constant ratio Co/Cyy 0.4526 0.4553 0.4534
hydrostatic deformation potentials  a.(eV) -7.1% -6.8% -7.06
a,(eV) 1.16 0.7% 1.03
shear deformation potential b(eV) -1.7 -2.07 -1.8
electron effective mass me/ My 0.067 0.039% 0.0486
heavy-hole effective mass Mhn/ Mgy 0.5 0.42 0.47F
light-hole effective mass my,/ Mg 0.087 0.0%8 0.0738
bulk bandgap energgB00K) Eg"(eV) 1.424 0.726 0.782
bulk conduction band offset AEPk(ev) - 0.018& 0.232
bulk valence band offset AEP"k(ev) - -0.68C -0.410
strained bandgap energy Eg(eV) - 1.05% 0.928+0.004
strained electron band offset AEM(eV) - -0.524 0.023+0.028
strained heavy-hole band offset AE%L(eV) - -0.89%8 -0.473+0.028
strained light-hole band offset AEZN(eV) - -0.340 -0.287F

a/alues(or calculated using valug$rom Refs. 15,17,18.
bMeasurements from this work.
CCalculated using measurements from this work and the Bir-Pikus HamiltdRiei 17).

gap energy is 935 meV, which is selected as a reasonabfixed at the experimental set of conduction band barrier
starting point by examination of the experimental data andeights discussed above aﬁg‘”(GaAsSb is fixed at the

the calculations. It is important to note that any other reasonpreset bandgap energy used in the calculations; note that
able choice for the preset bandgap value for calculation purEqW(GaAssb is converted into a fitting parameter when the
poses, essentially shifts the curves up or down in energréxperlmental data is analyzed. This procedure is used to pa-
from those shown in Fig. 1, and does not affect the finakametrize the calculations in a functional form to facilitate
outcome of the analysis. A result of the fact that the deephe extraction of the bandgap and band offset from the ex-
heavy-hole energy level is comparatively insensitive to smalperimental data. In this parametrization, each individual con-
changes in the hole barrier height when selecting a slightlyjuction band offset has a unique set of distinguishing ener-

different preset bandgap value. . ~ giesE, andE, which only weakly depend<1/250 on the
The solid curves shown in Fig. 1 are fits of the following present bandgap value when selected within the 900 to 970
equation to the calculated results: meV range. Equatiofil) is related to the band alignment by

tion band offset AE]" with a characteristic energyk,
=118.6 meV, as given in the following two equations and
+92.3 meV. (1 shown in the inset of Fig. 1:

AE3Y
E,=115+26.1-¢e E° meV, (2)

0

AEZY
E,=44.0+220-e S meV. (3
0

Physically, as illustrated in Fig. 1, the ground-state energy
transition increases b,, when the conduction band barrier
height, E,, changes from 0 to B,. The size of this shift is
strongly dependent on the band offset and is much larger
- - s s - when a type-ll band alignment is present. The change in the
0 100 E (?nO(gV) 300 400 transition-energy caused by the change in the barrier layer

* originates mainly(99.7% from the conduction band, be-

FIG. 1. Theoretical calculations and model of the transition en-cause the deep heavy-hole energy level is virtually unaf-
ergy versus the AlGaAs barrier height for various GaAsSh/GaAdected by changes in the barrier layer. Therefore, from a
conduction band offsets. practical point of view, the parameters depend on the quan-

E — noting thatk, and E, depend exponentially on the conduc-
EpL = EJ"(GaAsSh + 2Ea( exp( EX " 0 94) )
X b

During the fit, E, and E, are fitting parameters, whilg, is
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FIG. 2. Theoretical model fit to results for the variable AIGaAs

barrier height experiment. FIG. 3. Theoretical calculations and a model of the transition

. . . . . energy versus GaAs spacer width for various GaAsSb/GaAs con-
tum energy shifts in the conduction band, making this apy,ction band offsets.

proach very sensitive to the size and the sign of the conduc-

tion band offset. . . S
The experimental data for sample set A are plotted in Fig, The calculations and investigation of sample set B follows

2 with the measured transition energies given by the opef{’® Same procedures described above for sample set A, with

circles. Since the Sb mole fraction of the samples variedhe theoretical calculated results shown in Fig. 3 as the solid

slightly (see Table ), the measured transition energies arecircles. The solid curves are parametrizations of the calcula-

adjusted for the run-to-run variations in the Sb mole fractiontions using the following equation:

to improve the accuracy of the measurements. The solid d—d

circles in Fig. 2 give the transition energies shifted to those  Ey| = EgW(GaAsSb+ 2Ea(exp<b— _ 1_14) _ 1)

expected for a Sb mole fraction of exactly 0.387e average dp +d

value for the sample seusing the following self-consistent +74.9 meV. (4)

fitting process. First, the bandgap and band offset is deter-

mined, assuming that the Sb mole fraction is the same avePuring the fit, E, andd, are fitting parameters, whild is

age value for all samples. Using these values, the mole fradixed at the experimental set of GaAs spacer widths dis-

tion dependence of the transition energy is determined, frorsussed above an]"(GaAsSh is fixed at the preset band-

which the transition energy for each sample is adjusted to thgap energy. Analogous to sample set A, each individual con-

transition energy expected if a given sample had actuallygluction band offset has a unique set of distinguishing

possessed the average Sb mole fraction value. Next, thgarameterss, andd, which only weakly depend<1/350

bandgap and band offset are determined for the adjusted dava the present bandgap value when selected within the 900

set. This self-consistent process is repeated until the bandgap 970 meV rangeE, and d, are related by the constant

and band offset values converge. Since the Sh mole fractio.24 meV/nm and increase exponentially, with characteristic

variation was small, this process converged in the first iteraenergyE,=68.8 meV, as the conduction band offséEd",

tion. goes from type | to type I(see the inset of Fig. 3 and the

If we had not adjusted the experimental PL data for thefollowing equationg

sample to sample variation in the mole fraction, the inferred AEW

bandgap gnd band offset values vyould still be within the E,=7.8+295. exé— c ) mev. (5)

uncertainties reported. However, since the XRD measure- 0

ments reveal a small variation in the sample to sample mole

fraction, our best estimate of the bandgap and band offset E,

must include this information. The error bars shown in Fig. 2 dy= 6.24 me\ nm
. . . . .24 meV

are determined from the uncertainty in the mole fraction

given by the XRD measurements. Each data point is numphysically, as illustrated in Fig. 3, the ground-state electron

bered in the order that the samples were grown; a rando@nergy level is shifted up by 1.E, when the GaAs spacer

sequence was intentionally designed to minimize possiblgidth d changes frond, to 0. Again the magnitude of this

systematic errors. Equatiord) through (3) are fit to the  shift is strongly dependent on the band offset and is much

adjusted experimental results wil]"(GaAsSh and AE!"  larger when a type-Il band alignment is present.

as fitting parameters. The best-fit parameters give the band- The experimental data for sample setrRimbered in the

gap energy a&;"(GaAsShp=929+5 meV and the conduc- order that the samples were gropare plotted in Fig. 4 with

tion band offset as a weak type-l band alignment withthe measured transition energies given by the open circles

AEgW: 13+26 meV for GaAgesShy 357 GaAs. The uncer- and the measured transition energies adjusted for the run-to-

tainties reported here are 2 times the standard ¢#2w) in run variation in the Sb mole fraction given by the solid

the best-fit parameters given by the Levenberg-Marquartircles. As was done for sample set A, the best estimate of

algorithm?16 the bandgap and band offset includes adjustment of transition

(6)
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FIG. 5. Band-edge diagram of 5-layer quantum-well structures

FIG. 4. Theoretical model fit to results for a variable GaAs with variable AIGaAs barrier height shown {g) and variable GaAs
spacer width experiment. spacer width shown ib).

energies to those expected for a Sb mole fraction of exactlgnd the conduction band offset, an increase in the barrier
0.357, the average value for sample set B. Equati@ns height (dotted ling and the resulting confinement energy
through (6) are fit to the experimental data with shift (dashed ling and the parameteis, andE,. Similarly,
EgW(GaAsSb and AEJ" as fitting parameters. The best-fit Fig. 5b) gives the variable spacer width structure showing a
parameters give the bandgap Efs(GaAsSh=927+6 meV decrease in the spacer widttotted ling and the resulting
and the conduction band offset as weak type | wAitE?" confinement energy shifdashed linpand the model param-
=34+24 meV for GaAgg,Shy 357 GaAs. etersg, andd,. Note that in both structures the confinement
To confirm that the choice of the preset bandgap value fognergy shift essentially occurs in the conduction band be-
the calculations does not affect the outcome of the fit, the€ause the deep heavy-hole level is insensitive to the varia-
same series of calculations and fits performed above are réons in the band edge configuration.
peated using preset bandgap val(@30 and 970 meYthat Sensitivity analysis was performed to estimate the impact
are substantially away from the best-fit value. These new fitghat the uncertainty in the MBE system calibration may have
are also shown in Figs. 2 and 4 and are indistinguishabl@n the above measurements. In the worst case, the uncer-
from the original fit for a preset bandgap value of 935 meV.tainty in the transition energy is +0.4 meV for a +3% uncer-
The results of this analysis are summarized in Table Il withtainty in the barrier layer Al compositiofsample set Aand
the determined bandgap and band offset reported to a preci0.2 meV for a 2% uncertainty in spacer layer thickness
sion of 0.1 meV to resolve the differences. The choice of thédsample set B The uncertainties given are based on GaAs
preset bandgap value at most changes the best-fit bandgapd AlAs growth rate calibrations. Even if the growth rate
and band offset values by +0.1 meV well within the uncer-uncertainty is doubled, the uncertainty in the transition en-
tainties reported here; demonstrating the robustness of theygy is still less than 1 meV and hence well within the un-
approach. certainties reported in this work. Furthermore, if these errors
The bandgap and conduction band offset values obtaine@re randomly applie¢the worst case for the band offset mea-
from sample sets A and B agree to within uncertainties. As gurement the uncertainty in the measurement of the band
best estimate, the average values from the two sample se®set is at most 0.5 meV; again well within the uncertain-
(EM=928+4 meV andAEI"=23+23 meVj are reported in ties reported here. The uncertainties in xdirection(due to
Table II, where the uncertainty is given as 2 times the stanthe growth calibratiopnare smaller than the size of the data
dard error. The resulting band edge diagrams for the 5-laygpoints and are not shown in Figs. 2 and 4.
QW structures are shown in Fig. 5. Where Fitp)Fives the The bulk bandgap and band offsets are estimated from the

variable barrier height structure showing the bandgap energseudomorphic Galgs:5ky 357 0n GaAs measurements us-
ing the widely accepted Bir-Pikus Hamiltoni&hThe bulk

jmaterial values and the deformation potentials used in the
calculation are listed in Table Il. The uncertainty in the cal-
culated bulk material values is relatively largepproxi-
Preset bandgap Determined Determined mately +10% because the deformatio_n pot_entials are not

(meV) bandgagmeV) band offseymev)  accurately know¥: The calculated strained light-hole band
offset is included in Table Il for completeness.

TABLE Ill. Pseudomorphic bandgap and conduction band offse
for different present GaAsSb bandgap values.

Sample 900 929.3£4.8 12.8+26.2
set A 935 929.3+4.8 12.8+£26.2
970 929.4+4.8 12.0426.2 IV. EMPIRICAL BAND EDGE MODEL
Sample 900 926.9+5.6 33.8+23.8 Assuming a simple parabolic bowing relation for the
set B 935 927.0+5.6 33.8+23.8 GaAsSb band edges, the bandgap, conduction band edge,
970 927.1+5.6 33.9423.8 and valence band edge for bulk and strained Ga/&, as a

function of the Sb mole fraction are given in H@):

195339-5



WANG et al. PHYSICAL REVIEW B 70, 195339(2004)

TABLE |IV. Calculated and experimentally determined parameters.

Parameter Symbol strainegw bulk Bir-Pikus, &
Bandgap bowing bl(eV) -1.5¢ -1.7° 0.12
Conduction band bowing bl(eV) -0.9° -0.98 0.07
Valence band bowing, heavy hole ) 0.67 0.73 -0.0€
Valence band bowing, light hole bl 1n(eV) 0.7% 0.73 -0.0P
Binary bandgap offset Al(ev) 0.37P 0.698 -0.327
Binary conduction band offset AleV) -0.524 0.018 -0.542
Binary heavy-hole band offset Al (eV) -0.89% -0.68C -0.21%
Binary light-hole band offset Al (ev) -0.340 -0.68G 0.34¢

% rom Refs. 15,17,18.
bCalculated using the Bir-Pikus HamiltonigRef. 17.
CCalculated using the measurements from this work.

E{(GaAsl_ySh/) = El(GaAs - AE/, The conduction and valence battteavy-holg edges for
strained GaAg,Sh, on GaAs are shown in Fig. 6. An ex-
amination of Fig. 6 and Eq.7) shows that the band align-
- ' ment of the GaAgs,Sh,/GaAs heterojunction has a type-I to
whereAE! =Al -y -bl-y-(1-y), type-Il crossover at a Sb mole fractioy=(1-Ad"/bI")
SRR i =0.43+0.07. The maximum in the conduction offsag"
with A= E/(GaAs ~EI(GaSh.  (7)  _ (yaw_piw) (1 -A®/p% /4=41+18meV, occurs ay= (1
The relations between the bandgap and the conduction andAd"/bg")/2=0.21+0.03. The uncertainties reported here
valence band edges are are determined from the uncertainty in the band offset mea-
, S , , , o surement, assuming a simple bowing model with fixed bi-
Ey=EL-E,, with Aj=A{-A} andby=b,-b,. (8)  nary endpoints. It is important to note that the calculated
) ) band offset at the GaSb endpoint has some uncertainty asso-
And the relations betyveen the parameters of the strained QW \ith it as well, coming mainly from the uncertainty in
layer and bulk material are the value of GaSbh deformation potential. Using the scatter of
W_ =bulk , ¢ AQqW_ Abulk , re w_ L bulk | e the deformation potential values in the literature, the uncer-
EM=E"T B A= AP AT and b= b by tainty in the calculated GaSb endpoint is estimated to be
(9 about 40 meV, which if included would increase the uncer-

- - . tainties in the critical points of the conduction band by about
The constant®! and Al are the bowing parameters and the 0% P y

end point offset of the curves, respectively. The subsgript

denotes the bandgafm), the conduction bandc), or the

valence bandv) and the superscrigtdenotes bulk material V. DISCUSSION

(bulk), a strained QW layefqw), or the energy shift due 0 one of the important contributions of this work is the
strain(e). The additional valence band subscripts refer to th‘?quantification of the band bowing distribution which elimi-
splitting of the heavy-hol¢hh) and the light-holeélh) bands  npates the need for an arbitrary assignment of the bandgap

when strain is present. When used alonerefers to the  powing to the valence bafdr to the conduction band.The
lowest energy state for the holes, which is the heavy-hole

band in the present compressively strained material system. 20 . . . . 1
The simple relation in Eq.7) between strained and bulk ’ Type | Type Il
material arises because in addition to the strong bowing pa-
rameter in bulk GaAsSb the effects of strain through the
Bir-Pikus Hamiltonian can be accurately described to second
order in the Sb mole fraction. The values for the parameters
in Eq.(7) are listed in Tables Il and IV. The values obtained
from, or calculated from values in the literattité’-'8 are

with i =g,c,unnn andj = bulk,gw,e,

-
[<4)
T
1

Energy (eV)
5

; : ) 0.5} ]

denoted? in Tables Il and IV, the values measured in this

work are denoteflin Table Il, the values calculated from the

literature using the Bir-Pikus Hamiltonian are denofeith o'?)o PRy S 1'0
Table IV, and the values calculated using the results from : “ sbmolefractiony :

this work are denoted in Tables Il and IV. Note that the
measured values report are an average of the values obtainedrIG. 6. Composition dependence of the conduction and heavy-
from the two sample sets. hole band edges for pseudomorphic Ga4Sh, on GaAs.
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present study indicates that the bandgap bowing of strained The accuracy of the conduction band edge shown in Fig.
GaAsSb on GaAs is fairly evenly distributed between the6 is of paramount importance in determining the
conduction band58%) and valence ban@42%). Further- GaAsSb/GaAs band alignment. The accuracy of this curve
more, the band bowing parameters of the strained QW maaway from the measured valgaround 36% Shdepends on
terial are related to the bulk material band bowing and théhe appropriateness of the simple bowing model and the ac-
bowing introduced by the Bir-Pikus Hamiltonigsee Eq(9)  curacy of the bowing parameters which are subject to uncer-
and Table 1] which also demonstrates a similar bowing dis- tainty introduced in calculating the band edges of coherently
tribution. The second order dependence of the Bir-Pikustrained GaSb. Nevertheless, the bowing parameters pre-

Hamiltonian on the mole fraction originates from the productsemed in_ Table_ IV are in rgasonable agreement with those
reported in the literature. This work asserts both band align-

of parameters which are linearly interpolated in the mole .
fraction and from the second order dependence of strain oﬁ‘ent types for GaAsSb/GaAs, depending on the Sb mole

. : : L action present. It is important to note that this is typical
the .Tgle fraction, using the conventional definition of, o, the constituent binaries form a negative offset in the
strain:® For this material system, the band bowing of

. i . conduction bandAJ"< 0, and a significant amount of nega-
strained GaAsSb on GaAs is reduced because the bowi e bowing is presen?™< A%" in which case the conduc-

introduced by the strain opposes that of the bulk material. | ion band edge will exhibit tF\e observed positive-curvature

is interest?ng to note that these competing effects are als?ero-crossing. On the other hand, for a material system
observed in the bond lengths of strained alloy mateffals. | here the constituent binaries form a positive offset,

The valence band offset ratiQ,, has been introduced in A9~ and where a significant amount of positive bowing
the literaturé! as a constant to describe the band alignmentgg present in the conduction bargf"> A%", the conduction

of heterostructures, such as AlGaAs/GaAs, where the bangand edge will again form a zero crossing, but with the op-
edge energies vary linearly with composition. However, forposite curvature. A similar type of behavior could occur in
materials that exhibit band bOWinQV is a function of com- the valence band of some material Systems_
position, as shown in the equation following, whege is Various band alignments for the GaAsSh/GaAs material
given for a ternary material embedded in one of its constitutgystem have been presented in the literature. A weak type-|
binaries, such as |a_As in GaAs or GaAg,Shy in  pand alignment with the conduction band offs&E3"
GaAs: ~35 meV is reportet for Sb mole fractions of 0.12 and
W Aaw_ paw 0.30, respectively. A magneto-optical  stddy of
QM= AE,"_A, b, (A-y) (10 GaAsSb/GaAs QWs concludes a weak type-I band align-
AR AY-bgY-(1-y) ment as well. On the other hand, there are several répbirts
of a type-Il band alignment wit, ranging from 1.05 to 2.1.
HereQ, is only constant when little or no bulk band bowing Large excitation-dependent blue shifts in PL measurements
or strain is present, namely’"’ and bgw are very small, or from GaAsSb/GaA¥ and GaAsSb/InGaA8 QWs have
when the bowing distribution is by chance identical to thealso been attributed to a type-1l band alignment. In our ex-
band offset distribution of the binary constitutés!"/bj"  perience, the PL blue shifts observed in highly strained QW
=AM/AZY). In either caseQI"=A1"/AJ". Clearly for mate- materials are predominantly a result of spatial band filling
rials that exhibit substantial bowing, such as GaAsSh, it izaused by inhomogeneous composition, and are conse-
desirable to parametrize the conduction and valance banguently inconclusive as regards the band alignment present.
edges in terms of constants rather than variable band offsé the samples presented here, the GaAsSb QWs were inten-
ratios. tionally grown 20 °C below the optimal growth temperature
In the previous studies, the strained bandgap energy dbr device applications, in order to reduce strain driven Sh
GaAs_,Sh, is often obtained from the bulk bandgap using segregation and hence minimize the impact of inhomoge-
various bowing parameters and energy shifts due to straineous composition on the measurements. The samples pre-
using various deformation potentials in the Bir-Pikussented here exhibit very small excitation-dependent blue
Hamiltonian. The published bulk bandgap bowing shifts (<0.5 me\} for excitation densities from 1 to
parameters?>-2"of GaAs_,Sh, are quite scattered; where 35 W/cnf.
in early workk?-?*the reported bulk bowing parameters range  Much of the previous work revolves around fittiqy, (or
from —=1.0 eV to —1.2 eV for Sh mole fractions below 0.25, Q.=1-Q,) as a constant or in some cases as a composition-
more recentlyf® —-1.87 eV is given for mole fractions below dependent function, where the strained bandgap of GaAsSb
0.1, and very recentf#?’ bowing parameters around is deduced from an empirical expression for bulk bandgap
-1.4 eV are given for a mole fraction around 0.5. The pub-and subsequently corrected for the strain induced energy
lished deformation potentials for GaAs are quiteshift using the Bir-Pikus Hamiltonian, while in many cases
scattered;*which results in substantial variations in the cal- neglecting the significant uncertainty introduced by the un-
culated band edge energy shifts. Therefore, the simultaneowgrtainty in the deformation potentials. In the present study
determination of the strained bandgap with strained band offwe improve on previous work by using variable barrier spec-
set is critical for an accurate determination of the band aligntroscopy measurements of multiple samples to simulta-
ment of GaAsSb/GaAs. This is undoubtedly difficult to neously measure both the pseudomorphic bandgap of
achieve from measurements of a single sample, however, SaAsSb and the pseudomorphic conduction band offset of
straight forward using the suitably designed sample sets pré&saAsSh/GaAs. Notwithstanding the reliability of the binary
sented here. band offsetsA?"=AP"*+A?, obtained from the literature and
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the Bir-Pikus Hamiltonian, our results give a thorough andaccurate and reliable measurement of the GaAsSb bowing
accurate description of the GaAgSh,/GaAs band align- parameters.

ments and bowing parameters of GaAsSh. Furthermore, the |n conclusion, experimental data fitting and theoretical
second-order empirical band-edge model given in E@5. modeling confirm that the conduction-band offset of the

through(9) is a consistent and thorough model developed tqz5ag Sh/GaAs heterojunction forms a relatively weak,
offer a simple and clear description of the compositional de'23+23ymev type-I alignment, for a Sb composition in the

pendence of band edges. ; oot
_neighborhood of 36% where 1/8n emission is observed.
The GaAs ¢3Sty 357/ GaAs bandgap and band offset re Using a simple bowing model, the GaAsSh,/GaAs con-

sults presented here agree with our previous vwérkf duction band offset is found hibi . h
93346 meV and 19+19 meV, respectively. In our previoustction band offset is found to exhibit a zero crossing at the

work, the Sh mole fraction was not measured independently® Mole fractiory=0.43+0.07, forming a type-| band align-
for each sample and therefore corrections for the run-to-ruf€nt at the lower Sb mole fractions and a type-Il band align-
variations in the mole fraction were not included. Further-ment at the higher Sb mole fractions, which is a result of a
more, in our previous work we underestimated the Sb molsubstantial amount of negative band bowir®.91 eV in
fraction at about 30% for 1.3m emission using electron the conduction band.

diffraction measurements, which resulted in an overestima-

tion of the bowing parameters. Therefore the very accurate This work is partially supported by the National Science
mole fraction measurements in this work provides a morg-oundation under Grant No. 0070125.
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