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The valence band discontinuity of the lattice matched Ing43Gag 5,P/GaAs heterostructure was determined
through a careful analysis of the temperature and frequency dependence of the admittance of p*/MQW/n*
structures, formed by a nominally undoped InGaP/GaAs multiple quantum well region, interposed between p*
and n* GaAs layers. The heterostructures were grown through metal organic vapor phase epitaxy by using
tertiary butyl arsine and tertiary butyl phosphine as alternative precursors for the V-group elements. The growth
conditions were optimized for obtaining sharp interfaces and negligible ordering effects in the cation sublattice.
Accounting for the temperature dependence of the Fermi energy and the calculated confining energy (10 meV)
of the heavy holes in the wells, a valence band offset AE,=(356+5) meV was derived from the temperature
variation of the resonance frequency at which the isothermal conductance over frequency G(w)/ w curves show
a maximum. The experimental uncertainty of this result is significantly low if compared with the wide range
(240—400 meV) of the previously reported AEy values. By considering the band gap difference between
InGaP and GaAs, a conduction band offset AE-=119 meV was estimated. The accuracy of the experimental
procedure and the reliability of the main assumptions of the admittance spectroscopy measurements were
accurately checked. The obtained results were discussed in light of the large and growing amount of literature
data by taking into account the influence of the growth conditions on the physical properties of the

InGaP/GaAs quantum wells.
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I. INTRODUCTION

It has been widely recognized that InGaP lattice matched
to GaAs appears as a real alternative to the AlGaAs/GaAs
system for the fabrication of Al-free high quality and high
reliability devices.! This is mainly due to (i) low reactivity to
oxygen, (ii) low surface recombination rate, (iii) low propa-
gation velocity of dislocations, (iii) availability of selective
etching techniques, and (iv) a minor effect of deep level
centers and negligible DX center related effects.

The high direct band gap value and the low effect of deep
levels, such as oxygen-related nonradiative recombination
centers, favor the fabrication of high performance optoelec-
tronic devices, such as lasers>? and photonic devices.* A
particular interest has also been devoted to photovoltaic de-
vice systems for spatial applications, because of a superior
radiation resistance of InGaP in comparison to more usual Si
or GaAs based devices.>™ The low density of donor related
deep traps is an additional advantage in favor of the replace-
ment of AlGaAs with InGaP, also in high electron mobility
transistors'® and heterostructure insulated gate field effect
transistors'! in high-speed circuit applications. Moreover, the
InGaP/GaAs heterojunction, which is undoubtedly charac-
terized by a higher valence band offset, is particularly attrac-
tive for limiting the minority carrier base-emitter current in
heterojunction bipolar transistors (HBT) where InGaP is the
emitter. By taking advantage of this property, promising
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power amplifiers for microwave applications'>!3 and, more
recently, quantum well base HBT lasers'* have been fabri-
cated.

The conduction and valence band offsets AE and AEy, at
the interface play a major role on the physical properties of a
heterojunction and heavily influence the modeling and the
performance of any related devices. Consequently, a detailed
knowledge of the energy band alignment is highly desirable.
In spite of that, the measured band discontinuities at the
InGaP/GaAs interface spread over a wide range of data, with
experimental uncertainties ranging from 5% up to 30% or
more. In particular, against a direct band gap difference
lower than 500 meV, experimental values of AEy, and AE.
ranging from 240 to 400 meV (see Table I and Refs. 15-23)
and from 30 to 220 meV (see Table II and Refs. 15, 18, and
21-31), respectively, have been reported.

Such a wide spread of data is often ascribed to different
growth methods and growth conditions or different measure-
ment techniques. More specifically, the difficult control of
the InGaP composition required for the lattice matching to
GaAs (that is, Gay s;Ing 4P), intermixing effects at the inter-
face, and uncontrolled formation of ordered domains in the
cation sublattice are expected to play a major role in affect-
ing the band offsets. To this latter point, it is worth mention-
ing that ordering can influence the physical properties of the
alloy to such an extent that it can be exploited in tailoring the
band alignment.?
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TABLE 1. Valence band values reported in the literature for the
InGaP/GaAs heterostructure. The method of sample growth and the
technique of measurement or calculation are also reported.
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TABLE II. Conduction band values reported in the literature for

the InGaP/GaAs heterostructure. The method of sample growth and
the technique of measurement or calculation are also reported.

AEy, Growth
(meV)  technology

Experimental technique
or theory Ref.

Experimental technique
or theory Ref.

AE, Growth
(meV) technology

Photoluminescence 15
under high pressure

400*20 MBE

380 ALMBE Pressure dependence and time 20

resolved photoluminescence

370 Theory First-principles pseudopotential: 21
GaAs/InGaP, fully disordered
3565 MOVPE Admittance spectroscopy This
work
33020 MOMBE Photoluminescence 17

under high pressure

320 MOMBE Photoreflectance 16
31015 MBE Capacitance-voltage 18
and current-voltage
30050 GSMBE  X-ray photoemission spectroscopy 19
285 MOCVD  Deep level transient spectroscopy 22
270 Theory First-principles pseudopotential 21
GaAs/InGaP, fully ordered
240£10 MBE Capacitance-voltage profiling 23

Generally, optical as well electrical methods have been
used in the experimental determinations of band offsets.
Amongst electrical methods, admittance spectroscopy of
multiple quantum wells (MQWs) has been proven to be very
accurate.®3 Its advantage is that the band offset is derived
through a straightforward analysis of the temperature depen-
dence of an easily measurable resonance frequency, rather
than through cumbersome simulations of current-voltage or
capacitance-voltage curves, as required in other electrical
methods. Nevertheless, admittance spectroscopy has not
been employed yet, to our knowledge, for the determination
of band offsets in the InGaP/GaAs heterostructure.

In this work, an accurate determination of the valence
band discontinuity AE, at the interface of the lattice matched
GaAs/InGaP heterostructure was performed by admittance
spectroscopy measurements in p*/MQW/n* structures, con-
taining an undoped GaAs/InGaP MQW structure, interposed
between a n*-doped GaAs substrate and a p*-doped GaAs
cap layer. The p*/MQW/n* structures were grown by metal
organic vapor phase epitaxy (MOVPE) using all metalor-
ganic precursors for the V-group elements. In order to mini-
mize any possible effect which could influence the spreading
of the obtained band discontinuity, the growth conditions
were previously optimized to prevent significant ordering ef-
fects in the cation sublattice of the InGaP alloy and to obtain
a reasonable interface abruptness giving a well defined quan-
tum well (QW) energy band profile. The reliability of the
experimental procedure and of the main assumptions of the
admittance spectroscopy method were accurately checked.
The obtained results were discussed at the light of the struc-
tural and optical properties, elsewhere reported,’3637 of the
investigated QW structures and in comparison with the lit-
erature data.

30 MOCVD Collector current vs temperature 26

40+60 GSMBE Cross-sectional STM (nm scale) 28
60£20 MBE Photoluminescence 15
under high pressure
95 MBE Capacitance-voltage 18
and current-voltage
101 MOCVD Capacitance-voltage profiling, 29
indium molar fraction of 35%
1086 GSMBE Photocurrent 25
(internal photoemission)
1195 MOVPE Admittance spectroscopy This
work

120 Theory First-principles pseudopotential 21

GaAs/InGaP, fully disordered
First-principles pseudopotential 21

GaAs/InGaP, fully ordered
Capacitance-voltage profiling, 29
indium molar fraction of 31%

130 Theory
131 MOCVD

17016 MOCVD
190 MOCVD
198 MOCVD

Current-voltage 30
Capacitance-voltage profiling 24

Deep level transient spectroscopy 22

210£10 MBE Current-voltage and photoemission 27
21714 MOCVD Current-voltage 31
220+ 10 MBE Capacitance-voltage profiling 23

II. EXPERIMENT

Several p*/MQW/n* structures with a lattice matched
and nominally undoped GaAs/InGaP MQW region inter-
posed between a n* GaAs (001) substrate and a p* GaAs cap
layer (Fig. 1) were grown by low pressure MOVPE, using
tertiary butyl arsine (TBAs) and tertiary butyl phosphine
(TBP) as V-group elements sources. The growths were per-
formed at 600 °C using palladium purified H, as a carrier
gas in a horizontal MOVPE Aixtron reactor (AIX 200 RD),
supplied with a rotating susceptor in order to avoid in-plane

100 nm p* GaAs cap ‘

50 nm InGaP undoped ‘

8 nm GaAs well ‘

1.5 nm GaAsP interlayer ‘

undoped MQW
25 or 40 periods

12 nm InGaP barrier ‘
100 nm InGaP undoped ‘
300 nm n* GaAs buffer

/( n* GaAs substrate (001) /(

FIG. 1. Sketch of the n*GaAs|InGaP/GaAs(MQW)llp*GaAs
structures.
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FIG. 2. Equilibrium band bending diagram of the p*/MQW/n*
structure together with the equivalent electrical circuit.

compositional inhomogeneities in the growing sample. The
undoped MQW region consisted of 25 to 40 periods of Ly
=8 mm GaAs/Lz=12 nm InGaP, with the interposition of a
1.5 nm thick GaAsP interlayer at each direct GaAs-on-InGaP
interface, to enhance the interface abruptness.’® Hydrogen-
diluted disilane (Si,Hg) was used for the n* doping of the
GaAs buffer layer, whereas the p* doping of the GaAs cap
layer was achieved using dimethylzinc or by taking advan-
tage of the intrinsic doping due to the controlled incorpora-
tion of carbon from the methyl radicals.® Finally, a few ref-
erence samples were grown, where the MQW region was
replaced by a single undoped InGaP layer of equal thickness
and lattice matched to GaAs. Other details about the growth
and the structural and optical properties of the samples are
reported elsewhere.?0-3°

In order to perform electrical measurements, an extended
AuGeNi Ohmic contact was fabricated on the backside of the
n* GaAs substrate, whereas AuZn dot contacts, 400 um in
diameter, were deposited on the p* GaAs cap layer. Finally, a
pattern of mesa structures, 6 um in depth, was obtained by a
6 min etching in a HCI-H,PO,-H,0, (1-2-1) solution, after
deposition of dots of photoresist, 500 um in diameter, con-
centric with the AuZn dots. Admittance measurements were
performed in the 10° to 5 X 10% Hz frequency range by a HP
4192A impedance analyzer. The amplitude of the sinusoidal
test signal was 15 mV.

III. RESULTS AND DISCUSSION
A. Equivalent circuit analysis

The equilibrium band bending diagram of the
pt/MQW/n™ structure is qualitatively sketched in Fig. 2 to-
gether with the equivalent electrical circuit. The MQW re-
gion is expected to be only partially depleted near the n*
GaAs contact, since its average electrical conductivity is ex-
pected of p-type with net acceptor density in the 10'® cm™
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FIG. 3. Typical experimental C(w) (full symbols) and G(w)/w
(empty symbols) curves taken at different temperatures in a
pT/MQW/n* structure.

range. In fact, undoped InGaP and GaAs layers grown by the
present method resulted in p type with hole density of some
10'® and 10" cm™, respectively. In the equivalent circuit,
which is similar to that previously employed for the interpre-
tation of admittance measurements in GaAs/AlGaAs MQW
structures,® C, is the capacitance of the depleted MQW re-
gion, whereas R and C, are, respectively, the resistance and
the capacitance of the undepleted flatband part of the MQW
region. In this way, the measured conductance G(w) and ca-
pacitance C(w) obey the standard equations

G(@) _(o/@)[C(0) - C(=)]

D) 1 + (w/w)? ’
C(0) = C(
C(w):%+€(w). (1)

Here, w=2mf is the angular frequency of the small ampli-
tude test signal, C(0) and C(%) are the measured capaci-
tances in the low and high frequency limits, respectively,
related to C; and C, by the equations

G
c0)=Cy, C(®)=—"7, 2
0)=Cy. C() C. 4G (2)
and @ is the resonance angular frequency given by
1 C(0) - C()
w = = P (3)
R(C,+Cy) RC(0)

Examples of experimental C(w) and G(w)/ w curves taken at
different temperatures are shown in Fig. 3, where the step
behavior of C(w), with inflection point at w, and the peak
shape of G(w)/w, with maximum at w, are clearly evi-
denced. The peak value G(w)/w, being equal to [C(0)
—C()]/2, as expected, is independent of w. Moreover, C(0)
and C() are practically independent of temperature so that
the observed increase of @ with temperature can be directly
ascribed to a decrease of the series resistance R. As already
mentioned, the series resistance R is practically due to the
undepleted MQW region, since contributions of contact re-
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Current (A)

Voltage (V)

FIG. 4. Comparison of direct current-voltage curves measured at
T=300 K in a p*/MQW/n" junction (O) and in the corresponding
pt/InGaP/n* reference sample (@). In the latter case, the series
resistance is about 2 orders of magnitude lower.

sistances are negligible. This point is confirmed by the re-
sults of Fig. 4, where the direct current-voltage curve of a
p*/MQW/n* junction is compared with the corresponding
one of a p*/InGaP/n* reference junction, in which the
MQW region is replaced by an undoped InGaP layer of equal
thickness. In fact, a simple examination of the figure indi-
cates that, in the latter case, the series resistance is about 2
orders of magnitude smaller than in the MQW case. At a
given temperature, R is then proportional to the L, length
of the undepleted MQW region, that is, L,q=L-S(e/C)),
where L is the total MQW length and S(e/Cy)=Ly, is the
thickness of the depleted MQW region (& is the mean dielec-
tric constant of the MQW region and S the junction area).
Consequently, the resonance frequency becomes

w =AF{C(0),C(«)}
with

C(0) — C(o)
[L - S(/C(0))]C(0)*

F{C(0),C(»)} = (4)

where A is a constant at a given temperature. The validity of
Eq. (4) can be checked by measuring @ as a function of the
applied reverse bias Vi, whose effect is that of varying the
C,;=C(0) capacitance. In fact, admittance measurements at
T=340 K and at different values of Vj exhibit an appreciable
increase of w as Vj is increased, as shown in Fig. 5(a).
Moreover, w increases linearly with the quantity
F{C(0),C()}, as shown in Fig. 5(b). Here, in the evaluation
of F, a mean dielectric constant e=12g is used, whereas
C(0) and C(c) are the experimental capacitance values of
Fig. 5(a). All this corroborates the analysis leading to Eq. (4)
and demonstrates that the choice of the equivalent circuit in
Fig. 2 is well grounded.
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FIG. 5. (a) C(w) (full symbols) and G(w)/w (empty symbols)
curves taken at the same temperature of 340 K but with different
reverse biases V. (b) Resonance frequency w as derived by curves
of Fig. 5(a) plotted vs the function F{C(0),C(«)}, given by Eq. (4).
Here, C(0) and C() are the experimental capacitances of (a).

At the end of this section, two points deserve a few com-
ments. The first one concerns the analysis of the C(0)-V,
plots, since it is known that capacitance-voltage profiles of
MQW structures may reveal nonuniform distributions of
carriers.*® In our samples, however, the C(0)-Vj profiles re-
vealed apparently uniform distributions of carriers corre-
sponding to net acceptor densities in the range of (3-6)
X 10' cm™ (see Fig. 6). This result is consistent with the
calculated Debye lengths of 18—26 nm, considerably larger
than the barrier thickness of 12 nm in the MQW, so that the
apparent carrier distribution becomes flattened, as also dem-
onstrated through simulations under similar conditions.*

The second question is on the physical significance of
C(0) and C(). As already mentioned, from circuit analysis,
we get C(0)=C,=S(e/L,,,), which is an obvious result since
a low frequency variation of the applied voltage can be eas-
ily followed by the charge disturbance produced at the edge
Ly, of the depleted region. On the contrary, a high frequency
voltage variation can produce a charge disturbance only at
the edges of the whole region of total length L between the
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FIG. 6. Carrier profiles obtained by C(0) vs Vi measurements in
the p*/MQW/n* samples with 40 and 25 MQWs.

n* and p* contacts, so that we must have C(0)=S(e/L). This
is confirmed by the experimental value C(%)=20 pF, practi-
cally independent of reverse voltage, giving L=1063 nm in
satisfactory agreement with the expected value of 1010 nm
for a 40 period MQW structure. Finally, from Egs. (2), we
get

_ C0)C(=)  Se
27TC(0) = C(%)  Lyng

for the C, capacitance of the undepleted MQW region.

)

B. Determination of the valence band offset

The temperature dependence of the R~! conductance of
the undepleted p-type MQW region is found by considering
that at high temperatures, the perpendicular conduction is
due to thermionic emission of holes over the InGaP barriers.
Owing to arguments quite similar to those in Refs. 33 and
34, the thermionic current J can be written as

EF_EVB>|:exp< qVs ) _ 1]
KpT 2KgT ’
(6)

where the parallel conductions into the heavy (hh) and light
(Ih) hole valence bands of the barrier material are taken into
account. In Eq. (6), E is the Fermi energy, Eyp the valence
band top of the InGaP barrier, Vg=VLy/2L is the voltage
drop on a QW, V is the voltage drop on the undepleted MQW
region, and Kj the Boltzmann constant. Ny, (Ny,) is the
three-dimensional (3D) density of states and vy, (v;,) the
thermal velocity in the heavy hole (light hole) InGaP valence
band. For small voltages, such as ¢Vy<KgT, Eq. (6) reduces
to

J = q(Npvp, + vazh)exp<—

Vv Er-FE
qVs ex (_ F VB>, 7)

KT
where « resumes all the temperature independent preexpo-

nential factors of Eq. (6), so that, by taking into account Eq.

3),
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FIG. 7. Energy levels and valence band profile for a QW in the
undepleted p-type MQW region. Ef is the Fermi energy. Eyy and
Eyp are the valence band top in the GaAs well and in the InGaP
barrier, respectively. E’fh is the deeper energy level for the confined
holes.

Er—-E Ep—-E

w = const X R™! exp(— M) =BTexp(— F VB>,
KpT KT

(8)

where the factor B is independent of temperature. Introduc-
ing E}l'h as the lowest energy level for the heavy holes con-
fined in the QW (see Fig. 7), we have Ep—Eyp=(Ep—E"™)
+(E"™—E\;) and consequently

m(E) g BB BB

KT KT

Owing to this equation, the energy difference (Eﬁ‘h—E vg) can
be obtained by analyzing the temperature dependence of
In(w/T), if the temperature dependence of the Fermi energy
is known. As discussed in the Appendix, a simplified solution
of Eq. (9) can be considered if (i) the number of holes con-
fined in the QW does not change appreciably with tempera-
ture, (ii) the two-dimensional hole gas is not degenerate, and
(iii) only the lowest heavy hole subband is populated. In fact,
under these conditions, one gets

(Ep—E™) = KgT In(CKT), (10)

where C is a constant with temperature, so that Eq. (9) takes
the following simpler form:

B )_(E7h_EVB)’ (11)

Inw= ln<

CKy KT
and a simple Arrhenius plot of Inw vs (KzT)™" gives (EM"
—Eyg). As reported in Ref. 41, this analysis gives (E"
—Eyp)=(336=5) meV.

Although the (i) hypothesis may be justified and it can be
shown that the (ii) condition is well satisfied in the present
cases (see the Appendix), the occupancy of higher hole sub-
bands cannot be completely neglected at the temperatures
(250-300 K) of the present experiment (see the Appendix).
The above quoted value for (E}"~Ey;) could then be refined
by including the contributions of higher subbands in the
evaluation of the temperature dependence of the Fermi level.
The difference (E"™—Ey;) can be obtained by plotting the
more complicated function Y(7T) derived from Eq. (9):
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FIG. 8. Y(T) function vs (KzT)~'. Open circles and full dots are
data taken in the samples with 40 and 25 MQWs, respectively. The
slope gives (E’l'h—EVB) =346+5 meV.

(Ep— E") B (E\" = Eyp)

(12)
KT KT

Tw

Y(T) = 1n< T) +
vs (KzT)™'. Figure 8 shows the Y(T) data for both the 40 and
25 period MQWs, taking into account the occupancy of four
hole subbands: From the equal slopes of the observed linear
behaviors, one gets (E'"—Eyp)=(346+5) meV, which is
10 meV higher than the value derived through the assump-
tion of Eq. (10). The inclusion or not of the fourth subband,
that is, the n=3 heavy hole subband (see the Appendix),
resulted in a variation of about 2 meV in the coefficient
(E"™—E\g), smaller than the experimental uncertainty; the
effect of higher subbands is therefore expected to be negli-
gible. As concerns the In(B) term, the fitting of the Y(7) data
gave 24.6 0.2 and 25.2*0.4 for the 40 and 25 period
MQW, respectively, resulting therefore in a mean shift be-
tween the two intercepts of 0.6. These values can be com-
pared to those calculated by the expression

_ C(0)= C(»)  SLyg*
(0 2L, KgT?

(Nwopn = Nipo), — (13)

which is obtained through Egs. (6)—(8) and (3). Using v
=(KyT/2am)"? for the thermal velocities (m is the effective
hole mass), the calculated In B values resulted to 24.8 and
25.5, respectively, in fair agreement with the experimental
ones: The small difference in the two values is simply related
to the different lengths L,,,, of the undepleted MQW region
and to the C(0) and C(«) capacitances of the two samples.

Finally, the valence band offset is given by AE\= (E}I’h
—Eyp)+(Eyy—E"). Here, Eyy is the top of the GaAs va-
lence band (see Fig. 7) and (EVW—E’{}') is the confinement
energy of the heavy holes, which must be calculated for a
well depth consistent with the estimated AEy, value. A good
agreement is obtained for (Eyy—E™)=9.92 meV (see the
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Appendix for details), giving AE,=(356*5) meV. In addi-
tion, since the difference in band gaps between InGaP and
GaAs resulted in AE,=475 meV at the mean temperature
(T,,~300 °K) of the present experiment, a conduction band
offset AE-=(119%5) meV may be expected.

C. Discussion

Wide sets of AEy, and AE values obtained in the last
20 years by wusing several experimental methods in
InGaP/GaAs heterostructures, grown by different epitaxial
techniques, are given in Tables I and II, respectively. Gener-
ally, the growth conditions are expected to significantly in-
fluence the formation of the interfaces and, consequently, of
the band offset values, although also the experimental meth-
ods employed for their evaluation and their accuracy contrib-
ute to the scattering of the data. As reported in Table I, the
values obtained for AEy, are spread in the rather wide range
of 240-400 meV. Our result of 356 £5 meV is between the
value of 370 meV, calculated through a first-principles
pseudopotential approach by Froyen et al.?!' for a fully dis-
ordered InGaP/GaAs interface, and the one of
330 =20 meV, obtained from pressure induced low tempera-
ture photoluminescence by Leroux ef al. in single QW grown
by metalorganic molecular beam epitaxy (MOMBE).!”
Moreover, our value is not far from that of 320 meV, deter-
mined by G. Arnaud et al. through photoreflectance spectros-
copy, again on MOMBE grown QWs.!® Concerning the con-
duction band offset, the value of AE-=(119=*5) meV
estimated here falls between the value of 108 =6 meV, ob-
tained by Haase et al. through internal photoemission mea-
surements on p-i-n GaAs/InGaP heterojunctions grown by
gas source molecular beam epitaxy (GSMBE),” and the
value of 120 meV, calculated by Froyen et al. for a fully
disordered InGaP/GaAs interface.?!

The good agreement between the values determined here
for AEy, and AE. and those calculated by Froyen et al. is
probably not fully surprising. In fact, preliminary investiga-
tions of the structural and optical properties of the
InGaP/GaAs QWs employed here showed a minor or negli-
gible superlattice ordering effect. In particular, a narrow line
shape of the band to band recombination emission peak at an
energy of 1.998 eV with a full width at half maximum value
of about 10 meV was detected at the temperature of 10 K on
a 5 um thick InGaP layer, grown under similar experimental
conditions (7,=580 °C, unpublished data). This result, com-
parable to the state of the art for the bulklike InGaP/GaAs
heterostructure, implies a negligible ordering effect (see Fig.
4 in Ref. 42) and a good control of the residual strain. As a
further evidence of this fact, photoluminescence spectra,
taken in bulklike nominally undoped InGaP layers grown
under similar conditions, showed that the main emission
peak due to band to band recombination was free from the
anomalous behavior which could be evidenced in the pres-
ence of superlattice ordering, or by varying the temperature,
or by increasing the laser excitation intensity.*?

Further reasons which may affect the band offset data are
related to the difficult control of the InGaP composition near
the value corresponding to the lattice matching to GaAs.
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Owing to the sharp variation of the lattice constant of the
InP-GaP ternary alloy as a function of the In content, any
small deviation from the lattice match induces a shift from
compressive to tensile strain conditions. As it has been pre-
viously observed, this is the reason of important shifts of the
QW photoluminescence lines, ascribed to a modification of
the conduction band offset.*> Moreover, Dong et al.?® re-
ported a remarkable variation of AE because of an indium
content fluctuation at the InGaP/GaAs interface which has
been observed through a cross-sectional scanning-tunneling-
microscope (STM) analysis performed at the nanometric
scale. Finally, the major role of the fluctuations of the indium
content, especially in affecting the conduction band offset,
has been confirmed by Park er al. through C-V profiling of
single heterojunctions.?’

In the present case, the optimization of the MOVPE
growth conditions contributed to minimize the indium con-
tent fluctuations, as proven by the suppression of an anoma-
lous photoluminescence emission at low energy, ascribed to
the formation of an uncontrolled quaternary layer at the in-
terface of the InGaP/GaAs QWs.’® Moreover, our
InGaP/GaAs QWs exhibited excitonic emission peaks
whose energies followed the variation of the well width, in
agreement with the theory,? thus suggesting a good control
of the interface abruptness. In addition, the limitation of the
residual strain in the InGaP/GaAs heterostructures only al-
lowed us to stack up to 30 periods of 8 nm/12 nm
GaAs/InGaP QWs without overcoming the critical thickness
for the strain relaxation.’” As further evidence of the good
quality of the MQWs employed here, a fine structure of the
confined states was evidenced by photocurrent spectra (see
Fig. 5 in Ref. 37) which pointed out, even at room tempera-
ture, the splitting of the photocurrent peaks related to the
transitions from the n=1 heavy or light hole states to the n
=1 electron state, with energies in excellent agreement with
the theory.?’

Finally, one should also consider that in III-V heterostruc-
tures sharing neither common anions nor common cations,
two different kinds of interfaces may exist, which are GaP or
InGaAs in the present case. This should lead to different
interface strains and dipoles and hence, in principle, to dif-
ferent band offsets. Indeed, an in situ determination by pho-
toelectron spectroscopy on a similar system, that is, the
InP/InGaAs heterostructure grown by MOMBE, has shown
an asymmetry of 180 meV in the valence band offset at the
direct and inverse interfaces.** However, such an asymmetry
was ascribed to other causes, which are In segregation and P
and As intermixing at the interfaces.** To our knowledge,
similar in situ investigations have not been performed in the
InGaP/GaAs heterostructures. However, In segregation and
P and As intermixing should be practically suppressed in our
heterostructures owing to the employment of optimized gas
switching sequences during the growth of the direct and in-
direct interfaces, clearly described in Ref. 36. As reported in
Refs. 45 and 46, such sequences ensure abrupt interfaces and
suppress, at both interfaces, the formation of a low-band-gap
quaternary layer, which degrades optical and electrical prop-
erties of the heterostructures. Although we cannot better
specify the stoichiometry of the two interfaces, we remark
that in our structures, the observed electronic transitions be-
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tween quantum states are consistent with the expectation of a
model for a rectangular symmetric QW; therefore, we have
no reason to hypothesize relevant differences between the
barrier heights at the two interfaces. In any case, the value of
the valence band offset resulting from our analysis should be
understood as averaged on the two interfaces.

IV. CONCLUSIONS

As proven by the large spread of values reported in the
last 20 years, the values of the valence and conduction band
discontinuities of the InGaP/GaAs heterostructure are still a
matter of discussion in spite of the relevance of this structure
in several device applications.

We grew lattice matched InGaP/GaAs MQWs with dif-
ferent number of periods by MOVPE, using TBAs and TBP
instead of the common precursors arsine (AsH,) and phos-
phine (PH,) for the V-group elements. Beyond their lower
toxicity, the alternative precursors TBAs and TBP favor a
better abruptness of the InGaP/GaAs interface, as it has been
previously reported.*’-4° The growth conditions of the QWs
were preliminary optimized by limiting the residual strain
and avoiding the formation of uncontrolled quaternary layers
at the interface, as well as of ordered domains in the cation
sublattice. Samples of p™/MQW/n™ structures with the un-
doped MQW system interposed between n* and p™ GaAs
were then fabricated to perform admittance spectroscopy
measurements for an accurate determination of the valence
band offset.

The equivalent circuit of the sample and the main as-
sumptions of the admittance spectroscopy method were ana-
lyzed in detail in order to check the reliability of the experi-
mental procedure and the final uncertainty of the
experimental results. The difference between the lowest en-
ergy level for the heavy holes confined in the QW and the
InGaP valence band top level (E’l'h—EVB):(346i5) meV
was obtained. Then, accounting for the confining energy of
the heavy holes (9.9 meV), as calculated by the envelope
function approximation for the investigated QWs, a valence
band discontinuity AE,=356 =5 meV was determined. Con-
sidering the well established difference between the InGaP
and GaAs band gaps, which results in AE,=475 meV at the
mean temperature (7,,~300 K) of the present experiment, a
conduction band offset AE-=(119 *=5) meV was derived.

In conclusion, the admittance spectroscopy method ap-
plied to InGaP/GaAs MQW structures, grown under opti-
mized conditions, leads to accurate and reliable values of the
band offsets, in good agreement with the calculations previ-
ously reported for a fully disordered InGaP/GaAs interface.
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APPENDIX

It can be easily shown that the sheet hole density p, in a
single QW is related to the Fermi energy by the equation

KT ’ ( EF—E’?h>
==£ In| 1 +exp| - ~E—L
Ps ) mhhz n[ exXp KyT
’ Eq—E"
+myD ln[l +exp<— F—Lﬂ (A1)
j=1 KT

Here my,, E;-lh and my,, E;h are the effective masses and the
edge energies of the two-dimensional subbands for heavy
and light holes, respectively; the sums are extended to the r
and s confined states of perpendicular motion. For a nonde-
generate gas of heavy holes, so that (EF—E;”’)>KBT, the
heavy hole density pgh can be written as

wn KgT Ep—E"
Ps = 2 mp, €xXpl —

K,T
r Ehh_ phh
x| 1+ exp(— S , (A2)
= K,T

and a quite similar expression applies for the density plSh of
light holes. If the only relevant contribution to p, is that of
the first heavy hole subband, we have

m, KT
hps

which is Eq. (10) with C=my,,/ mh*ps.

The temperature dependence of the Fermi level can be
evaluated under the hypothesis that p, is independent of tem-
perature, which is a reasonable statement considering that
practically all the acceptors in the InGaP barrier remain ion-
ized when the temperature is varied. In summary, if we make
use of approximation (A3), the energy (E""—Ep) can be
directly obtained by the Arrhenius plot In @ vs (Kz7)~!, as
explained in Sec. Il B [see Eq. (11)].

For better refinements, the temperature dependence of Ep
can be derived through the general expression (A1) and con-
sequently the energy (E™—E,;) should be obtained by fol-
lowing Eq. (12). To perform a more refined analysis, the
eigenvalues (EVW—Ej?h) and (EVW—Ejll) were then evaluated
for an 8 nm wide QW: The standard Schrédinger equation of
a particle in a single finite square well (decoupled MQWs)

(Ep—E™) = KyTn (A3)
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FIG. 9. Temperature dependence of (Ez—E"") by considering
(a) the occupancy of the first four hole subbands with the Fermi-
Dirac statistics (O) or Bolzmann statistics (+) and (b) the occu-
pancy of only the E’fh subband with Bolzmann statistics. The cal-

culations are performed for p,=1.27 X 10" cm™2,

was solved in the limit of 7=0 K by assuming a well with
AE,=356 meV. The values ,=6.85 (4.2) and v,=2.30
(1.35) were used for the Luttinger parameters of GaAs
(InGaP) to obtain the heavy and light hole effective masses
in both materials.?® Nonparabolicity effects were neglected.

The temperature dependence of the Fermi level was sub-
sequently derived by considering p, independent of tempera-
ture and including in Eq. (A1) the contributions of the first
four hole subbands, having edges at the calculated eigenval-
ues of (Eyy—E"=9.925 meV, (Eyy—E")=36.65meV,
(Eyw—E2)=39.96 meV, and (Eyy—E")=89.81 meV. The
total hole sheet densities p,=1.27 X 10" cm™2 and p,=0.77
X 10" em™2 for the 40 period MQWs and the 25 period
MQWs, respectively, were obtained by dividing each 3D car-
rier density (estimated through the C-V profiles) by the num-
ber of QWs per unit length. The EAT) dependence was
evaluated both in the general and nondegenerate cases. For
the higher p, value, the results are given in Fig. 9, where it is
shown that the Boltzmann approximation is well justified for
the two-dimensional hole gas in the present samples. For
comparison, the Ex(T) dependence calculated by Eq. (A3) is
also shown in the figure: It can be seen that, as a conse-
quence of neglecting the higher hole subbands, the Fermi
level is considerably lowered, although the temperature de-
pendence is not heavily affected.
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