Atomic diffusion and band lineups at Iny 53Gag 47As-on-InP heterointerfaces
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We have used secondary ion mass spectrometry (SIMS), cathodoluminescence spectroscopy (CLS),
and an analysis of secondary electron thresholds (SETs) to determine how extended anion soaks
during molecular beam epitaxial (MBE) growth transitions affect band lineups at the lattice-matched
Inj 53Gag 47As-on-InP interface. Growth transitions consisting of 20-150 As soaks result in
SIMS-measured interfacial broadening of up to 8 nm. By monitoring SETSs across an in situ cleaved
InP/Ing 53Gag 47As/InP double heterostructures, we measure a type I conduction-band offset of
190+£30 meV at an abrupt InGaAs-on-InP interface. For diffused structures exposed to long As soak
times, we observe an effective decrease of AE, by up to 210+£40 meV. The changes in InGaAs and
InP CL intensities are consistent with both the SET-measured decrease in conduction-band offset
and an increase in nonradiative recombination at the diffused InGaAs-on-InP interface. © 2005

American Vacuum Society. [DOI: 10.1116/1.1949218]

I. INTRODUCTION

The In,Ga,;_,As/InP system has been the focus of intense
research owing to its application in infrared photodetectors
and active electrons such as high-speed bipolar junction tran-
sistors. The system is especially useful as an optoelectronic
material because the band gap (1.55 pm) of the lattice-
matched composition (x=0.53) corresponds to a well in the
absorption spectrum of silica fibers. InGaAs/InP growth re-
mains difficult because both cation and anion sources switch
during growth transitions. To maintain the high anion to cat-
ion beam pressure ratio necessary for two-dimensional
growth during a transition from one semiconductor to an-
other, an anion “soak” (i.e., anion exposure without growth)
is usually employed to allow the new anion pressure to
equilibrate in the chamber prior to the growth of subsequent
layers. During an As soak at the InGaAs-on-InP interface, the
replacement of several monolayers of P by As, due to an
exchange reaction, has been widely reported.l_4 Subsequent
exposure to P has been shown to eliminate As and restore the
InP surface; however, immediately starting InGaAs growth
after As exposure results in a trapping of As atoms in the
recently grown InP layer.5 Longer As exposures, particularly
at high temperatures, have been shown to result in increased
As incorporation in the InP lattice, leading to interfacial
roughening as strained InAsP layers or islands form.®™'°
Such a change in interface microstructure might well affect
interface-related optical and electrical properties. Indeed, an
extended As soak has been shown to result in broadened
near-band-edge (NBE) cathodoluminescence emission at
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InGaAs/InP interfaces and correspondingly to alter the per-
formance of single quantum well structures.'®!! Electrically,
an extended As soak has been shown to increase carrier life-
times measured by photoconductive decay (PCD) due to an
As-defect related persistent photoconductivity.]2 These
growth-transition-related effects are not restricted to the
InGaAs/InP system. A dependence of interface quality and
charge density on As soak time in InGaP/GaAs heterostruc-
tures, where both anion and cation sources change during
growth and an As—P exchange mechanism operates, has been
reporte:d.13’14

Il. EXPERIMENT

The structures used in this study are five
nominally  (n~10" cm™) undoped, lattice-matched,
InP/In, 53Ga, 47As/InP double heterostructures (DHs) grown
on semi-insulating Fe-doped (100) InP substrates with no
(<#0.2% miscut by solid source molecular beam epitaxy
(MBE) with valved cracker sources for arsenic and phos-
phorus. Prior to being loaded into the growth chamber,
epiready InP wafers are subject to a 60 min. 300 °C anneal
under a pressure of 5X 107 Torr to remove water vapor.
Substrate oxide desorption is done in the growth chamber
at a temperature 510°C under a P overpressure of
1 X 107 Torr. The observed (2X4) reflection high energy
electron diffraction (RHEED) pattern indicates a clean (100)
InP surface. After oxide desorption, growth takes place at
485 °C using group-V to group-III beam pressure ratios of
24:1 for InGaAs and 12:1 for InP. Growth rates are 1.743 and
3.180 A/s for InP and InGaAs, respectively. Figure 1 shows a
growth diagram for the five DHs. Beginning at the substrate,
the layers are: 200 nm InP, 500 nm Ing 53Gag 47As, and 50 nm
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FiG. 1. MBE growth diagram for the five InP/Inj 53Ga, 4;As/InP DHs stud-
ied. The As soak time at the InGaAs-on-InP interface varies from 20 to
150 s.

InP. Arsenic soak times at the InGaAs-on-InP interface, de-
fined as the length of time that As is allowed to soak on the
200 nm InP surface after the P source is closed and prior to
InGaAs growth, are 20, 60, 90, 120, and 150 s for the five
structures. The (2 X 4)-fold RHEED pattern remains stable
during As, exposure on the 200 nm InP layer for all five
structures. This indicates consistent conditions for the growth
of subsequent layers.

Negative-ion secondary ion mass spectrometry (SIMS) is
performed on a PHI (TRIFT-III TOF SIMS with a back-
ground pressure during analysis of 2 X 10~ Torr. For depth
profiling, a 1 keV Cs* beam is used as a sputter source. The
analysis beam is a 15 keV, isotopically pure, focused “Ga
ion beam. Typical depth profiling time is approximately |
h/sample. The sputter depth rates vary by up to 50% from
profile to profile. In order to compare depth profiles of inten-
sity versus sputter depth, we normalize the depth scales to
the onset of the As profile decrease from its bulk value at the
InGaAs-on-InP interface. The normalized profiles provide a
relative measure of interface broadening.

We used an ultrahigh vacuum (UHV) scanning electron
microscope (SEM) to measure the secondary electron thresh-
olds (SETs) (i.e., the vacuum level energy Eyac relative to
the Fermi level Er) and hence the work function changes
across the InGaAs/InP heterojunction in cross section. Previ-
ously Sakai et al.”® used a similar technique to measure
metal work functions. The linear edge of the SET in an in-
tensity versus energy plot extrapolated to the baseline yields
the energy onset. This onset represents the difference in
semiconductor and analyzer work functions. In our study we
apply a —12 V bias to the sample so that all emitted elec-
trons are collected by the energy analyzer.15 As in the Sakai
study, we perform SET measurements using a JEOL JAMP-
7800F UHV SEM as the electron excitation source. Changes
in the surface Fermi level position due to contamination or
Fermi level pinning will change the local SET measurement.
To minimize these effects, heterostructures are cleaved in
situ to yield a clean, unpinned, (011) surface.'® To promote
cleavage along the (011) surface, we score the substrate (i.e.,
the nongrowth surface) with a diamond scribe before moving
the sample to the SEM processing and analysis chambers.
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FiG. 2. SEM image showing SET analysis spots along a line angled to the
InGaAs-on-InP interface. The intensity vs energy plot in the inset shows a
representative SET measurement at a single point.

Cleave quality is initially assessed in the SEM. Because the
SEM-observed secondary electron intensity is sensitive to
changes in work function on the sub-10 nm scale,”_19 cleave
artifacts which could significantly affect the surface potential
distribution can be imaged and avoided. Structures that show
significant evidence of cleave-related damage in the interface
region of interest are discarded. The incident 5 keV electron
beam current is a constant 1 nA for all SET measurements. A
hemispherical energy analyzer attached to the UHV SEM
measures the ejected secondary electron energies. At the
80 000X SEM magnification used for our measurement,
beam-positioning resolution is approximately 50 nm. This is
small relative to the micron-scale space charge regions in
these nominally undoped structures. With a semiconducting
sample, the bias and analyzer work function remain constant
while the semiconductor work function changes with the Ep
position in the band gap. Thus SETs measure the semicon-
ductor vacuum-level energy Ey,c with a constant offset.
Subtracting literature values for InGaAs and InP election
affinities,” which are assumed to be constants in the bulk
semiconductors, from the Eyc data yields the conduction-
band edge in the region of electron beam excitation. There-
fore, we measure the associated band offset by monitoring
SETs as the incident electron beam is moved across the
InGaAs-on-InP interface.

Figure 2 shows a SEM image of an in sifu cleaved struc-
ture with analysis positions along a line angled to the inter-
face. The inset shows the linear onset of a single SET analy-
sis point that is extrapolated to the baseline to determine
Eyac. The square points denote the set of measurement po-
sitions for a single profile. We collected similar profiles
across the InGaAs-on-InP interface at several positions for
each heterojunction. Each profile required approximately 20
min. Auger electron spectroscopy verified the surface clean-
liness before and after each series of profiles.

We also obtained cathodoluminescence (CL) spectra in
plan view using the JEOL SEM with a liquid helium cold
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FIG. 3. Primary electron depth penetration for 10 and 25 kV beam energies
showing selective excitation of the InGaAs and InP layers, respectively.

stage at 10 K to improve the signal-to-noise analysis. The
optical train consisted of an Oxford MonoCL system with a
parabolic mirror set in UHV and focused light collection
through a sapphire window at the vacuume-air interface along
with an Edinburgh Instruments high-purity germanium de-
tector. Incident beam energies were 10 and 25 kV with cur-
rents of 1 and 20 nA, respectively, with the electron beam
rastered over a 100 um? area and spectral resolution was
<1 nm. Incident electron beams with increasing energies
create electron-hole pairs that recombine at increasing
depths, with characteristic spectra. Figure 3 illustrates Monte
Carlo simulations showing primary electron excitation depth
and distribution versus beam energy.21 For a 10 keV incident
beam, the simulations show that approximately 90% of pri-
mary electrons penetrate into the 500 nm InGaAs layer but
not into the 200 nm InP layer. Approximately 75% of the
higher energy, 25 keV, electrons are able to penetrate the
InGaAs-on-InP interface into the 200 nm InP and substrate
layers.

lll. RESULTS

Figure 4 shows SIMS As depth profiles for structures ex-
posed to 20 and 150 s As soaks. We assume that the 20 s
soaked structure is atomically abrupt and that the observed
8.5 nm broadening is a result of the sputter process at the 550
nm profiling depth. We define the interface width as the dis-
tance over which the SIMS-measured As intensity changes
from 90% to 10% of its bulk value. Thus, Fig. 4 indicates an
additional broadening of 8 nm for the most diffused, 150 s
soaked, structure. Both profiles are abrupt at the InP-on-
InGaAs control interface to within the 7.5 nm sputter-
induced broadening of the SIMS at the 50 nm profiling
depth. The Fig. 4 inset shows InGaAs-on-InP interface As
and P profiles for all five structures. Arsenic and P profiles
broaden monotonically with increasing As soak at the
InGaAs-on-InP interface.
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FiG. 4. SIMS depth profiles showing broadening at the InGaAs-on-InP in-
terface in structures exposed to 20 (solid line) and 150 s (dashed line) As
soaks. The profiles show no difference in broadening at the outer InP-on-
InGaAs control interface. The inset shows monotonic InGaAs-on-InP inter-
face broadening in As (filled circles with solid line) and P (open circles with
dashed line) SIMS profiles for all five structures.

Figure 5 displays one representative cross-sectional SET
measurement for each of the five structures (soak times).
Energy error bars are calculated from the intersection of the
20 confidence bands with the baseline. Using a Monte Carlo
simulation”' to calculate the surface radius of backscattered
electrons, we estimate that 95% of the secondary electrons
are ejected from the surface within 125 nm of the incident
electron beam. This “interface region” corresponds to the
shaded region of Fig. 5. The change in SET as the primary
electron beam is moved from InGaAs into InP corresponds to
the change in Ey s relative to E across the interface region.
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FIG. 5. SET measurements performed on the in situ cleaved (011) surface
for all five DHs. The shaded region corresponds to the region over which
interface specific changes are expected to occur under SEM electron beam
bombardment.
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FiG. 6. Total change in SET vs electron beam position across the InGaAs-
on-InP interface region from InGaAs into InP for the different As soak
times. The dashed line corresponds to AE.=0.

The set of SET profiles indicates that the relative work func-
tion change from InGaAs to InP decreases with increasing As
soak time.

Figure 6 summarizes the changes in SET across the inter-
face region. Each data point represents an average of the
SET-measured change across the interface region at multiple
positions on the (011) face of each structure. The corre-
sponding points and their associated error bars are averaged,
with each data point assigned unity weight, to obtain the
error bars shown. Figure 6 shows that the average SET mea-
sured from InGaAs into InP increases by 80+30 meV for the
most abrupt structure with only a 20 s As soak. On the other
hand, the SET decreases by 130+30 meV for the diffused
structure with a 150 s soak. The SET profiles exhibit inter-
mediate changes between these two soak time extrema. Fig-
ure 6 displays a near-monotonic, almost linear, relationship
between As soak time and cross sectional change in SET and
a total change of —210+40 meV between samples with 20
and 150 s As soak time.

Integrated intensities of NBE emissions measured in plan
view at 10 K provide a measure of the radiative recombina-
tion within the InGaAs and InP layers for each heterojunc-
tion. Figure 7 shows (a) the integrated 10 keV InGaAs NBE
emission and (b) the integrated 25 keV InP to InGaAs (InP/
InGaAs) NBE emission ratio plotted versus As soak time.
The 10 keV result is a measure of the total radiative recom-
bination occurring via InGaAs NBE states. The 25 keV ratio
provides a relative measure of radiative recombination via
NBE transitions occurring in the InP versus InGaAs regions.
The InP signal is too low for a similar ratio comparison at 10
kV beam energy due to the small amount of recombination
occurring in the InP for 10 keV electrons, as indicated in Fig.
3, and the ~80% absorption of ~1.41 eV InP NBE emis-
sions in the 500 nm InGaAs layer. Error bars correspond to 1
s.d. from the mean of multiple data points for each structure.
The 10 keV results show a decrease in integrated NBE in-
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FIG. 7. Integrated CLS peak intensity of: (a) 10 keV InGaAs NBE and (b)
25 keV InP to InGaAs NBE ratio vs As soak time, showing effects of band
offset changes.

tensity of approximately 30%-35% as As soak time in-
creases from 20 to 150 s. The 25 keV ratio shows a similar
decrease.

IV. DISCUSSION

The considerable SIMS-observed broadening shown in
Fig. 4 is indicative of As diffusion into the 200 nm InP buffer
layer during growth. An As—P exchange reaction proposed to
explain As incorporation in the InP layer would, in the case
of diffusion during an As soak, result in the desorption of P
into the vacuum and does not alone explain the observed
broadening of the P profiles. Our observation of the broad-
ening of P as well as the As profile could be related to the
highly reactive nature of P with Ga. This is supported by the
observation of Ga—P bonding at the InGaAs-on-InP interface
by several authors.''**% Alternatively, the diffusion of some
As atoms via a kickout or similar interstitial-based mecha-
nism could leave mobile P atoms free to diffuse back into the
InGaAs layer, leading to P-profile broadening.

SET measurements probe electronic band structure
changes associated with the SIMS-measured broadening at
the InGaAs-on-InP interface. The measured vacuum level
minus the electron affinity on each side of the heterojunction
yields a conduction-band profile with a constant offset due to
the applied bias and analyzer work function. Bulk electron
affinity values®™ are: x(InP)=4.40 and x(Ings;Gag 47As)
=4.51 from a Vegard’s law interpolation between y(GaAs)
=4.07 and x(InAs)=4.90. Figure 8 qualitatively illustrates
how AE, is extracted from SET data via electron affinities.
Our measured AEyc of 80+30 meV for the abrupt, 20 s
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FiG. 8. SET measurements for abrupt (20 s) and diffused (150 s) structures.
Subtracting bulk electron affinities yields a conduction-band profile with
corresponding conduction-band offset.

soaked, structure corresponds to a AE, of 190+30 meV after
subtracting the bulk electron affinities. This compares favor-
ably with the capacitance-voltage measured literature value®
of 230 meV and confirms the accuracy of our technique. The
slight underestimate of our measurement is likely due to the
limit on how close the beam can be positioned to the
InGaAs-on-InP interface imposed by a 15 nm beam diameter
(for a 5 kV, 1 nA analysis), primary electron scattering, and
sample drift during analysis. For the most diffused structure,
exposed to a 150 s As soak, we observe a AEy,c of
—130+£30 meV. This AEy,c corresponds to a AE, of
—20+30 meV. Intermediate soak times exhibit intermediate
decreases in AEy ¢ and corresponding AE,. Thus, a decrease
in the change in SET across the interface region from
InGaAs into InP with increasing As soak time is consistent
with an effective lowering of the conduction-band offset AE,.
in diffused samples exposed to long As soaks.

The cathodoluminescence data shown in Fig. 7 support a
decrease in AE,. in the more diffuse structures. Since the
excitation depth (beam energy) is constant, any changes in
NBE emission intensity with As soak time are due to
changes in either carrier diffusion between layers or radiative
recombination via NBE states. The conduction- and valence-
band offsets at the InGaAs-on-InP interface in the abrupt
structures are barriers to carrier diffusion from the InGaAs
into the InP. In the case of incident 10 keV electrons, which
predominantly create electron-hole pairs in the InGaAs re-
gion, conduction-band electrons are more easily able to cross
the lowered AE, barrier into the InP region in the diffuse
structures. This accounts for a decrease in InGaAs NBE in-
tensity with increasing As soak time. Similarly, n-type band
bending for the 200 nm InP buffer layer in the most abrupt
heterojunction represents a barrier to electron diffusion from
the InP into the InGaAs. The 25 keV incident beam creates
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electron-hole pairs predominantly in the 200 nm InP buffer
layer and conduction-band electrons are able to cross more
easily into the InGaAs in the more diffuse junctions. This
leads to a decrease in InP NBE intensity relative to InGaAs.

A decrease in effective band offset can be a result of in-
ternal strain, chemical interlayers, interface charges, or de-
fects which alter the interface dipoles that determine band
offsets. Hudait er al.'® have presented PCD evidence of an
As defect-related trap at the InGaAs-on-InP interface which
is associated with long As soak times in these structures. Our
10 kV CLS measurements showing a ~35% decrease in the
measured InGaAs NBE intensity in structures exposed to
long As soaks are consistent with a decrease in radiative
recombination, possibly as a result of this interface trap. If
interface trapping accounts for the measured decrease we
also expect some of the carriers diffusing from InP back into
InGaAs to recombine nonradiatively, particularly in the
structures exposed to longer soak times. The decrease in 25
kV InP/InGaAs NBE intensity with increasing As soak time
shows that a change in band offset is the dominant interface
effect. If interface states were dominant (as opposed to a
change in effective band offset) an increase in the InP/
InGaAs ratio would be expected due to less radiative InGaAs
emission in the diffused structures exposed to longer soak
times. Thus, while our results are consistent with an increase
in nonradiative recombination via an increase in interface
state density, nonradiative states at the interface do not alone
account for the monotonic dependence of relative NBE re-
combination in Fig. 7(b).

Strained interlayers could also modify the effective band
offset. Several authors have reported compressively strained
InAsP layers or islands at the InGaAs-on-InP interface.’'°
This has been reported in the InAs,_.P,/Inj 53Gag 47As,_,P,
system where experimentally measured changes in band
lineup are attributed to compositional changes and strain de-
velopment at the heterointerface.”” It has been shown that
InAsP on (100) InP exhibits a (2 X 4)-fold RHEED pattern
similar to (100) InP;*® therefore, the stable (2X4)-fold
RHEED pattern exhibited during As exposure at the InGaAs-
on-InP interface does not preclude the possibility of a
strained interlayer. A thinner interfacial layer is expected to
change the band offset less as the wave functions of states in
the InGaAs and InP layers can penetrate the thin interlayer
and play a larger role in determining the band offset. This
could account for the monotonic changes observed with As
soak time.

V. CONCLUSION

We have directly measured the heterojunction band offset
across UHV-cleaved InGaAs-on-InP interfaces in cross sec-
tion using localized work functions obtained from secondary
electron thresholds. The conduction-band offset measured for
an abrupt junction, involving a 20 s As soak, was
190+30 meV, consistent with previous measurements. With
increasing As soak time, the heterojunction exhibits anion
interdiffusion and broadening as measured by SIMS, extend-
ing up to 8 nm for a 150 s As soak. Associated with this
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increased broadening is a 210+40 meV decrease in the ef-
fective conduction-band offset. Depth-dependent CL spectra
show monotonic changes in InGaAs versus InP light emis-
sion with increasing As soak time that are consistent with
increased electron flow across the reduced conduction-band
offset and band bending as well as reduced intensities overall
that are consistent with interface charge trapping. Overall,
these results demonstrate that atomic interdiffusion associ-
ated with growth transitions can have considerable effects on
the electrical properties of a lattice-matched III-V hetero-
junction.
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