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InAlAs has the potential to be used as a barrier layer in buried channel quantum well field effect

transistor devices due to favorable lattice-matching and carrier confinement properties with

InGaAs. Field effect device structures of this nature may also require a high-k oxide deposited on

the InAlAs surface to reduce leakage current. This study investigates the impact of surface

preparations and atomic layer deposition of HfO2 on these surfaces using x-ray photoelectron

spectroscopy to analyse the chemical interactions taking place, as well as the electrical

performance of associated capacitor devices. A large concentration of As related surface features is

observed at the InAlAs surface, and is attributed to a large Dit response in electrical measurements.
V 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821021]C

INTRODUCTION

One of the major issues in realizing a high quality III–V

based field effect transistor (FET) is the poor interface qual-

ity between the III–V material of choice and high-k oxides,1

which generally leads to the formation of significant density

of interface defect states (Dit).
2 In surface channel metal

oxide semiconductor (MOS) FET devices, As decapping,

wet chemical processing using, for example, HF, HCl,

NH4OH,3–5 atomic hydrogen treatments,6,7 as well as

sulphur8,9 and nitrogen passivations10,11 have all been

employed in order to remove native oxides and diminish the

interaction between any deposited oxide and the semicon-

ductor. However, while these processes have all shown

improvements in device performance, the Dit levels are still

too high to make the incorporation of a III–V channel a via-

ble alternative to Si in the short term.

One proposed method to overcome this has been to

move the III–V channel away from the oxide interface by

incorporating a lattice matched buffer layer between the

channel and the high-k oxide.12–14 InGaAs is widely studied

as the channel material in these devices due to its low effec-

tive electron mass and high electron mobility. In0.52Al0.48As,

which is lattice matched to In0.53Ga0.47As, has a higher con-

duction band offset with an InGaAs channel compared to

using an InP barrier layer, and so offers the potential of

improved confinement of electrons in the channel. Also,

through in-situ epitaxial growth, a high quality interface

between InGaAs and InAlAs can be obtained.15,16 However,

the interface between the barrier layer and high-k oxide still

plays an active role in device operation, having an impact on

sub threshold swing9 and the threshold voltage.17 As such it

is still necessary to characterize and investigate the surface

and interface reactions that take place during surface

a)Author to whom correspondence should be addressed. Electronic mail:

rmwallace@utdallas.edu

preparations and after subsequent oxide depositions on this

surface.

In this study, the native oxides and surface states present

on the initial In0.52Al0.48As surface, after wet chemical treat-

ment and after deposition of a Si interfacial passivation layer

(IPL) on the native oxide surface is examined using X-ray

photoelectron spectroscopy (XPS). The impact of depositing

HfO2 by atomic layer deposition (ALD) on these surfaces is

also considered, and changes in the interfacial chemistry

with XPS are monitored. Capacitance-Voltage (C–V) meas-

urements are also performed on metal-insulator-semiconduc-

tor (MIS) capacitors incorporating HfO2 deposited on the

native oxide, on the sulfur treated surface and on the Si IPL

layer.

EXPERIMENTAL

For this study, a 300 nm n-type In0.53Al0.47As layer (Si
-3doped �1x 1018 cm ) was epitaxially grown on a single

crystal n-type InP substrate (S doped �1x 1018/cm-3) by

metal organic vapor phase epitaxy, in a system where partic-

ular care is taken to ensure reactor purity and epitaxial step

organization.18 The growth pressure was 80 millibars, the V/

III ratio was 220, and the wafer surface temperature was

650 oC as measured by emissivity-corrected pyrometry.

HfO2 layers were deposited using tetrakis dimethylamido

hafnium (TDMA-Hf) and H2O precursors in a Picosun#

ALD reactor at 250 oC, with a pulse/purge time of 0.1 s

TDMA-Hf—20 s N2—0.1 s H2O—20 s N2 and ultra-high

purity N2 as both carrier and purging gas (200 sccm). The

base pressure in the ALD reactor is �9 millibars. The

increase in pressure during H2O and TDMA-Hf pulses was

measured to be 5 millibars and 0.7 millibar, respectively.

Prior to HfO2 deposition, a series of five different

surface and chemical treatments were carried out on the

In0.52Al0.48As surface to determine the impact these would

have on the native oxide present on the surface. In all cases,
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sample degreasing was first carried out, consisting of a se-

quential treatment for 1 min each in acetone, methanol, and

isopropanol. Ammonium hydroxide (29% NH4OH for 3

min), ammonium sulfide (10% (NH4)2S for 20 min), and hy-

drochloric acid (18.5% HCl for 10 min) wet chemical treat-

ments were employed, as well as the deposition of a thin

( 1 nm) amorphous silicon IPL by plasma enhanced chemi-

cal vapor deposition (PECVD) on a sample that was initially

etched in 1% HF for 2 min. The Si PECVD process

employed a mixture of diluted SiH4 and He (100 sccm of 2%

SiH4/He, 400 sccm of He, 50 W, 200 oC). No sample anneal-

ing was carried out prior to PECVD and as such interaction

between Si and native oxide species residual on the surface

is expected. A control sample that only underwent sample

degreasing was also examined, and all samples were loaded

to UHV within 7 min of surface treatment. For all samples,

the changes in the individual As, In, and Al oxide states

were compared by XPS.

For the five differently prepared InAlAs samples under-

going XPS analysis, 15 cycles of TDMA-Hf and H2O were

deposited in-situ on the treated substrate (giving an approxi-

mate HfO2 thickness of 1.2 nm, with a growth rate of

0.08 nm/cycle) to prevent interfacial re-oxidation and sur-

face contamination. Samples were transferred under UHV

from the ALD reactor to a dedicated XPS analysis chamber

through a transfer tube maintained at <1 x 10-10 millibar,

described in detail elsewhere.19

For electrical measurements, three separate samples

were prepared; a native oxide starting surface, a (NH4)2 S

treated surface, and a Si IPL. Subsequently, 10 nm of HfO2

was deposited, followed by a post deposition anneal at

500 oC for 60 s in N2. MOS capacitors (MOSCAPs) were

formed with ex-situ e-beam Pd gate metal contacts deposited

though a shadow mask with an area of 8.65x 10-5 cm2. For

back side Ohmic contacts, an e-beam evaporated Ni/Au/Ge

stack was used. Finally, a post metallization anneal (PMA) at

350 oC for 30 s in N2 was performed and C-V measurements

taken after PMA.

XPS was utilized using a monochromated x-ray source

(hv¼ 1486.7 eV) and a seven channel hemispherical ana-

lyzer operating at a pass energy of 20 eV. Core level spectra

were taken of the As 2p3/2, As 3d, In 3d5/2, In 4d, Al 2p, C

1s, O 1s, Hf 4f (as well as S 2p and Si 2p for (NH4)2S and Si

IPL samples, respectively).

RESULTS

Figure 1 shows the As 3d core level spectra for these

four treated surfaces as well as for the native oxide prior to

any treatment, without any annealing to highlight the effect

of the chemical treatments. Typically, for surface chemistry

studies involving arsenic containing compounds, the As 2p
core level is used to present detailed surface chemical analy-

sis due to its significantly increased surface sensitivity rela-

tive to the As 3d core level.20 However, in this study, the

intrinsically narrow peak width of the As 3d core level (due

to the smaller core-hole life time and correspondingly

smaller Lorentzian component) is utilized. This allows for

easier deconvolution of the peaks, especially considering the

small binding energy (BE) separation between the individual

peak components,21 as will be discussed later. All peak

deconvolutions and trends in the changes of the surface com-

positions from the As 3d spectra were correlated to those

from the corresponding higher BE peaks by concurrently fit-

ting the As 2p spectra, however, due to the increased error

associated with the broader peaks, for clarity, only As 3d
spectra are presented here.

For the native oxide sample, evidence of the bulk

As-InAl peak is detected at 40.85 6 0.025 eV, as well as As

1þ, As 3þ and As 5þ peaks (corresponding to As2O,

FIG. 1. (a) As 3d core level spectra af-

ter various wet chemical treatments

and amorphous silicon interfacial pas-

sivation layer deposition. (b) The ratio

of As-O and As surface state peak

areas to the As-InAl bulk peak from

the fitted spectra and (c) the ratio of

individual surface state peak areas to

the bulk peak.
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As2O3, and As2O5) with BE separations from the bulk peak

of 1.50 eV, 3.35 eV, and 4.44 eV, respectively. There are 3

other peaks also detected, labeled as As-As, As-H, and As-,

at 0.4 eV, 0.7 eV, and -0.44 eV from the bulk peak, respec-

tively.8,22 It is worth pointing out that the exact nature of

these states is still a matter of investigation with a number of

different studies claiming varying assignments.21–25 For

example, while our assignment of As-H in this case is con-

sistent with the binding energy position reported by

Beerbom et al. in Ref. 22, As-H itself would be unlikely to

survive the elevated temperatures seen by the sample in the

ALD reactor, and as such further work is needed to accu-

rately identify the exact chemical composition of the peaks.

However, it is clear that these are surface related features,

energetically consistent with the breaking of substrate As

bonds, likely forming As dimer, anti-site, hydride, or metal-

lic like bonds. The concentration of these surface states is

greater than that typically seen on the similar InGaAs sur-

face,8 particularly in relation to the presence of the As-H

peak, suggesting that this surface is more chemically reactive

than Ga containing compounds.

Comparing first the wet chemical treatments, one notes

that the (NH4)2S is effective at removing the As-O states

close to the XPS detection limits, with only a residual As 1þ
state seen close to detection limits, which is likely due to the

formation of As-S states.8,26,27 The As-H state is also seen to

decrease in concentration, with only a minor change in the

concentration of As-As bonding detected. The NH4OH and

HCl treated surfaces both show similar dramatic changes.

While the concentration of As-O is seen to increase relative

to the native oxide sample, this is likely due to re-oxidation

of the surfaces during the 7 min after removal from solu-

tion and transfer to UHV for scanning, and may be indicative

of increased surface roughness or reactivity of the surface

after etching. The biggest change however is seen in the con-

centration of surface states detected, with a large increase

(>1 monolayer) of As-As and As-H states observed.

On the Si IPL sample, As-O is below XPS detection lim-

its however, the level of As surface states detected is the

greatest of all the surfaces studied. This indicates that while

the Si is effective at scavenging oxygen from the less ther-

modynamically stable As oxides to form Si-O, this process

results in the disruption of the semiconductor surface. In par-

ticular, the As-As state is greatly increased relative to the

other samples, with As-H detected at a similar level to that

of the NH4OH and HCl treated surfaces, as clearly indicated

by the ratio of the substrate peak area to that from the indi-

vidual peak components in Figure 1(c). It is possible that the

As-As peak also contains a contribution from As-Si bonds,

which would appear at a higher biding energy than the

As-InAl peak based on the electronegativity of the elements.

HfO2 was subsequently deposited by ALD (15 cycles)

on three of these samples, (native, (NH4)2S, and Si IPL) to

determine what interactions take place during the deposition

process, and whether it would be possible to rely on the

reported ALD “clean up” effect28 to improve the interfacial

characteristics by removing oxide and surface states. Figure

2(a) shows the As 3d core level spectra immediately after

in-situ HfO2 deposition, while 2(b) shows the corresponding

change in total oxide and surface state peak areas to the bulk

peak. For the native oxide and (NH4)2S treated surface, there

is a decrease in the concentration of As-O upon ALD, likely

due to the “clean up” effect, with As-O below detection lim-

its on the (NH4)2S treated surface. On the native oxide and

Si IPL samples, an increase in the surface state concentration

after ALD is also observed, with no change seen on the

(NH4)2S treated surface, suggesting that the sulfur is playing

a role in enhancing the stability of the interface.

Considering next the In 3d5/2 spectra for the same sam-

ples, before (with no prior sample heating) and after ALD in

Figures 3 and 4, respectively, similar trends take place. For

the native oxide sample, the In-AlAs bulk peak at 444.38

6 0.025 eV is observed, as well as 3 oxide states, labeled In

1þ, In 3þ, and In-OH, separated from the bulk peak by 0.45

eV, 0.82 eV, and 1.25 eV, respectively, and tentatively

assigned to In2O, In2O3, and an In hydroxide state

(In(OH)3).21,29 There is also some evidence for the presence

of a lower binding energy peak, labeled In-, shifted from the

FIG. 2. (a) As 3d core level spectra after 15 cycles of HfO2 deposition by ALD. (b) The peak area ratio of As-O and As surface states to the bulk peak area

before and after deposition.
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bulk peak by -0.40 eV, however this is close to detection

limits on this sample.

It is important to comment on the natural lineshape of

the In-AlAs peak for this core level, as there is an inherent

asymmetry observed which complicates the peak deconvolu-

tion.30 This manifests itself as a broadening at the higher

binding energy side of the peak. Various permutations of the

peak fitting process have been undertaken to describe this

lineshape, incorporating various lineshape functions. The tra-

ditional Doniach-Sunjic for metallic elements is not able to

accurately describe the lineshape, and it has been found that

incorporating an additional Lorentzian component at the

higher binding energy side of the peak gives the most con-

sistent deconvolution. This is most clearly evident in the HCl

etched surface, which is the most effective chemical treat-

ment at removing In-oxide states, here at the detection limits

of the XPS. Based on the As 3d spectra and the increased

concentration of As-O and As surface states, this suggests

that the HCl etch leaves the surface predominantly As

terminated.

The NH4OH treated surface shows a similar profile to

the native oxide surface, although with an increased

FIG. 3. (a) In 3d5/2 core level spectra

after various wet chemical treatments

and amorphous silicon interfacial pas-

sivation layer deposition. (b) The ratio

of In-O and In surface state peak areas

to the In-AlAs bulk peak from the fit-

ted spectra and (c) the total integrated

peak area from the O 1s core level

showing changes in surface oxygen

concentration.

concentration of oxide states detected. This could be an indi-

cation of roughening of the surface as a result of the etch and

resulting in an increased surface area, or an increase in sur-

face reactivity. Based on the total peak area of the O 1s core

levels, plotted in Figure 3(c), there is an overall reduction in

the concentration of O present on the surface after NH4OH

treatment, indicating that the treatment is playing a role in

removing native oxides. For the spectra from the (NH4)2S

treated surface, two large In 1þ and 3þ peaks are detected,

however, correlating this to the data from the O 1s peaks,

which shows the lowest overall oxygen concentration on this

sample, it is most likely that these are mostly due to the for-

mation of In-S bonds at the surface. Comparing the intensity

of these peaks to those observed on other In containing III-V

materials, this concentration of In-S formation is quite signif-

icant, with a concentration greater than a monolayer, again

reflecting the increased reactivity compared to InP and

InGaAs.8 From the S 2p spectra (not shown), the increased

concentration of sulfur present relative to that seen on GaAs,

InGaAs, and InP after (NH4)2S treatment is further con-

firmed by a greater integrated peak intensity. There is also

no change detected in the concentration or chemical state of

FIG. 4. (a) In 3d5/2 core level spectra

after 15 cycles of HfO2 deposition by

ALD. (b) The peak area ratio of In-O

and In surface states to the bulk peak

area before and after deposition.
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the sulfur present on the surface throughout the experiment,

remaining bonded to In (and possibly Al) after exposure to

the ALD reactor at 250 oC and upon subsequent HfO2

deposition.

Examination of the final sample after Si IPL formation

indicated that there is no evidence of In-O within detection

limits, similar to the results for the HCl etched surface. This

indicates that the Si is effective at scavenging O from the In

oxides to form SiO2. The reduction in O 1s peak area on this

sample is most likely due to attenuation of the interfacial

oxide due to the Si overlayer, with the O primarily located at

the interface, and not due to removal of O from the system.

The highest In-concentration is also seen on this sample,

with a possible contribution from In-Si enhancing the contri-

bution, and is a possible reflection on increased interfacial

disorder being generated at this interface as a result of the

deposition, consistent with the data from the As 3d core

levels.

Upon HfO2 deposition in Figure 4, a decrease in the con-

centration of In-O on the native oxide sample is detected as a

result of interaction between the TDMA-Hf precursor and the

oxide states. This is accompanied by a slight increase in In-

bonds, suggesting the decomposition of indium oxides leaves

broken In bonds at the surface. However, on the (NH4)2S

treated surface, there is an overall increase in the combined

In 1þ and In 3þ states, and primarily in the In 1þ form,

most likely due to a transfer of sulfur, previously bonded to

either As or Al, to form increased levels of In-S bonds.8 On

the Si IPL sample, there is no change in the In 3d spectra,

with the passivation layer proving effective at preventing

ALD precursor interaction with the substrate. This behavior

is consistent with the enthalpy of formation for HfO2

(-1144.7 kJ/mol) relative to that for SiO2 (-910.7 kJ/mol)

and In-oxides such as In2O3 (-925.8 kJ/mol).31

The Al 2p core level spectra, shown in Figure 5(a), for

the native oxide sample indicates the presence of the Al-

InAs bulk peak at 73.64 eV, with 2 oxide states, attributed to

Al2O3 and an Al-OH state (possibly Al(OH)3), at 74.45 eV

and 75.2 eV, respectively. (NH4)2S and NH4OH treatments

are observed to produce almost identical results, with the

concentration of Al-O states reduced by 60% on both

surfaces, relative to the native oxide surface. Similar to the

results seen in the In 3d spectra, the HCl treatment is the

most effective at removing Al-O, particularly Al2O3, which

is below XPS detection limits. On the Si IPL sample, the

decrease in Al-O is much less dramatic, with only 18%

reduction in the total Al-O concentration relative to the

native oxide sample, with no preference for decrease shown

between the Al2O3 or Al-OH states (both are seen to

decrease by the same percentage). This suggests there is lim-

ited interaction between the IPL and the aluminum oxides in

terms of oxide transfer to form Si-O, with the more thermo-

dynamically stable Al-O remaining at the interface.

The Si 2p core level spectra after IPL deposition is

shown in Figure 5(c) and indicates that in addition to a peak

related to the amorphous silicon at 100.0 eV, there is a

large Si-O peak ( 102.3 eV) corresponding to the formation

of a silicate. There is also an intermediate peak detected at

101.0 eV. From angular resolved XPS measurements (not

shown), it appears that this intermediate state is located at

the surface of the Si IPL (integrated peak area decreases with

more bulk sensitive measurements while oxide and Si-Si

peak areas remain essentially unchanged). This is possibly

related to the formation of As-Si bonds32 which diffuse to

the surface of the Si IPL, and would explain the increased As

surface state peak area seen in the As 3d core level spectra.

After HfO2 deposition, the integrated peak area of this peak

decreases, possibly through oxidation of these states to form

FIG. 5. (a) Al 2p core level spectra af-

ter various wet chemical treatments

and amorphous silicon interfacial pas-

sivation layer deposition. (b) The ratio

of Al-O peak areas to the Al-InAs bulk

peak from the fitted spectra and (c) the

fitted Si 2p core level spectra before

and after HfO2 deposition from the Si

IPL sample.
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increased concentrations of silicate, again consistent with the

increase in peak area of the oxide peak at 102.3 eV in the Si

2p spectra. This oxidation may then also explain the increase

in As surface states on the Si IPL sample after HfO2 deposi-

tion, with the residual elemental As species remaining at the

interface after Si oxidation during ALD. It should be noted

that a silicon sub-oxide origin for this intermediate peak, or a

combination of both As-Si bonding and sub-oxide states can-

not be fully ruled out, as these would be expected to have a

similar binding energy. Given the temperatures employed

here, Si-O formation seems most plausible.

The Al 2p spectra from the native, (NH4)2S, and Si IPL

samples after HfO2 deposition are shown in Figure 6. For the

native oxide sample, a decrease in the concentration of the

Al-O at the interface upon ALD is again observed, as well as

a decrease in the concentration of Al-OH states, consistent

with metal precursor interactions with –OH bonds during

typical ALD reactions. On the (NH4)2S sample, a decrease in

the concentration of the Al-O peaks present on the surface is

also detected; however, this could also be evidence of Al-S

bonds being converted to In-S. It should be noted that on the

Si IPL sample, due to the low photoionization cross section

of the Al 2p core level and attenuation of the substrate by

both HfO2 and the Si IPL, there is a very low signal to noise

ratio and as such, although the oxide to bulk ratios are not

observed to change after ALD, as expected, there is a large

error associated with this measurement.

Comparing the Hf 4f core level spectra in Figure 7(a), as

well as the fitted peak areas in Figure 7(b), there is a virtually

identical peak area and binding energy position for the Hf 4f
peak on the native oxide and (NH4)2S treated surfaces. This

indicates that both surfaces experience the same ALD

growth rate and that the HfO2 is in the same chemical state

on both surfaces. However, on the Si IPL sample, there is a

clear increase in the concentration of Hf-O states present on

the Si IPL surface, based on the peak areas. There is also an

increase in the peak binding energy position by 0.4 eV,

suggesting a change in the chemical composition. This is

consistent with the changes seen in the Si 2p spectra after

ALD, indicating that there is significant interaction taking

place between the deposited HfO2 and the Si IPL, and that at

least part of the deposited layer is in the form of Hf-silicate.

Figure 8 shows room temperature, multi-frequency C-V

characteristics for InAlAs/HfO2 MOS capacitors with differ-

ent surface preparations; (a) native oxide, (b) (NH4)2S, and

(c) Si IPL (1 nm Si þ 10 nm HfO2¼ 11 nm total overlayer

for this sample). All samples show very large frequency

FIG. 6. (a) Al 2p core level spectra af-

ter 15 cycles of HfO2 deposition by

ALD. (b) The peak area ratio of Al-O

to the bulk peak area before and after

deposition.

dispersion in the maximum capacitance corresponding to an

ac defect response dominated by defects at the HfO2/InAlAs

interface and the possible contribution of defects located

within the HfO2 very near the HfO2/InAlAs interface.32

Samples with the Si IPL and a native oxide show an addi-

tional trap response at 100 Hz in the depletion region. These

C-V characteristics suggest that although the native oxide

and Si IPL samples showed variations in the interfacial

FIG. 7. (a) In 4d and Hf 4f core level spectra after 15 cycles of HfO2 deposi-

tion by ALD. (b) Integrated peak area of Hf 4f core level spectra indicating

increase in Hf-O related species on Si IPL sample.
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FIG. 8. Room temperature multi-frequency C-V characteristics for InAlAs/

HfO2 MOS capacitors with (a) native oxide. (b) (NH4)2S passivation and (c)

Si IPL. All of the samples show large frequency dispersion in the maximum

capacitance. Additional trap response in the depletion region is observed for

Si IPL and native oxide samples at 100 Hz.

chemistry in the XPS measurements, the observed depletion

trap response in C-V could be due to a similar chemical state

present at these interfaces. The trap response in the depletion

region can possibly be attributed to the high concentration of

As surface states detected on this sample from XPS. The fre-

quency response in these devices is similar to that seen in

GaAs MOSCAPs, i.e., a large amount of frequency disper-

sion and a relative lack of free carriers33 (see the 77 K meas-

urements in Fig. 9). It is now generally accepted that this

frequency dispersion cannot be modeled in the traditional

manner employed for Si-based devices. To accurately model

this response requires a revised interface trap capacitance

calculation that incorporates tunneling of carriers into defect

states that reside away from the crystalline semiconductor

interface. Two models that include this tunneling mechanism

are the disorder induced gap states (DIGS) model34,35 and

border traps.36,37 Our current understanding of the origin of

this frequency response necessitates that the defect states are

associated with the disruption of the III–V interface and not

with border traps located throughout the bulk of the high-k

dielectric. These states include dangling bonds and As-As
˚distributed within the first 5–10 A from the interface. It is

noted that, regardless of whether the origin of the defects is

due to border traps in the high-k dielectric or III–V interface

disorder-related traps, such traps are located away from the

FIG. 9. Low temperature (77 K) C-V characteristics for InAlAs/HfO2 MOS

capacitors with a Si IPL. Very small change in measured capacitance as a

function of gate voltage is observed, indicating a pinned Fermi level.

interface (but within 1 nm) and both models generally pro-

duce the observed frequency dispersion behavior.

In order to determine to what extent Dit was playing a

role in the C-V response at room temperature, measurements

were also performed at 77 K. Figure 9 shows multi-

frequency C-V characteristics for the Si IPL sample at 77 K.

Only very small changes in the measured capacitance over

the entire gate voltage range are observed, with similar

results obtained for the other two samples. The trap time

constant at 77 K is very large and traps generally do not have

time to respond to the AC modulation signal.38,39 As such,

only the semiconductor response is typically detected.

However, in this case, some trap response is still detected

suggesting a very high Dit concentration. Low temperature

measurements indicate that the surface Fermi level is

severely pinned and only a very small modulation of the

semiconductor surface potential as a function of gate voltage

is observed. As a result of this pinning, the devices do not go

into accumulation and the room temperature C-V character-

istics are completely dominated by interface trap response,

with only a small number of free carriers present. Since the

surface Fermi level is severely pinned, the Dit as a function

of bandgap energy cannot be accurately calculated as param-

eters required for the Dit calculation like the oxide capaci-

tance and flat-band voltage cannot be extracted from the

experimental C-V characteristics. Furthermore, as the sur-

face potential does not change with gate voltage, the Dit as a

function of bandgap energy cannot be determined, however

an estimate of the Dit value needed to pin the Fermi level to

this extent would put it at the high 1013 cm-2 eV-1 level.

CONCLUSIONS

Assessing the various surface treatments taking into

account data from the As, In, and Al core levels, it is possible

that a combination of etching in HCl to remove interfacial In

and Al oxides, followed by an (NH4)2S treatment to remove

As oxide and potentially decrease the concentration of As

surface states, may provide a route to developing optimized

initial processing conditions for samples prior to ALD and

warrants further investigation. However, based on the results

presented here, it is very likely that the concentration of sur-

face related defect states will remain very high, which would

have major implications for device performance. Despite

(NH4)2S treatment showing the lowest concentration of

interfacial oxides present on the InAlAs surface based on the

chemical treatments investigated here, C-V measurements

were still dominated by a Dit response, and the introduction

of a Si IPL to help remove these states and mitigate oxida-

tion prior to ALD, showed no improvement contrary to

results observed for GaAs, with additional trap response seen

in depletion possibly attributed to an increase in As surface

states.
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