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Structural properties and band offset determination of p-channel mixed
As/Sb type-ll staggered gap tunnel field-effect transistor structure
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The structural properties and band offset determination of p-channel staggered gap Ing,Gag3As/
GaAsg 355bg 65 heterostructure tunnel field-effect transistor (TFET) grown by molecular beam
epitaxy (MBE) were investigated. High resolution x-ray diffraction revealed that the active layers
are strained with respect to ‘“virtual substrate.” Dynamic secondary ion mass spectrometry
confirmed an abrupt junction profile at the Iny,Gag 3As/GaAsg 35Sbg ¢5 heterointerface and minimal
level of intermixing between As and Sb atoms. The valence band offset of 0.37 = 0.05eV was
extracted from x-ray photoelectron spectroscopy. A staggered band lineup was confirmed at the
heterointerface with an effective tunneling barrier height of 0.13 eV. Thus, MBE-grown staggered
gap Ing;Gag3As/GaAsy35Sbges TFET structures are a promising p-channel option to provide
critical guidance for the future design of mixed As/Sb type-II based complementary logic and low
power devices. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752115]

Tunnel field-effect transistors (TFETSs) have attracted a
great deal of attention owing to the gate-controlled band-to-
band-tunneling (BTBT) transport mechanism, which is
expected to achieve subthreshold swing (SS) below the ther-
mal limit of 60 mV/dec at 300 K, enabling transistor opera-
tion at voltages below 0.5V.'? TFETs based on III-V
materials will achieve higher ON-current (Ipn) compared to
conventional Si TFETs due to the smaller band gap and
lower effective carrier mass.' > Among them, mixed As/Sb
based heterojunction allows a wide range of staggered band
alignments depending on the material compositions in source
and channel layers. Moreover, an abrupt junction profile at
the source/channel heterointerface, minimal intermixing
between As and Sb atoms, and well controlled defects at this
interface should be maintained. Recently, great efforts have
been devoted to boost performance of mixed As/Sb stag-
gered gap TFETs, such as improving Ion* and reducing
OFF-state leakage (Iorr).>” However, most of the researches
were restricted to n-channel TFETs.*® A study of high-
performance p-channel TFET within the same material sys-
tem is equally important, without which the energy efficient
complementary logic circuits will not be realized. On the
other hand, the band alignment, particularly the valence
band offset (VBO), is critical to the performance of
p-channel TFETs.® Proper band alignments at the source/
channel heterointerface would necessary to increase Ion
without sacrificing Iogg. As a result, precise determination of
band offset at the source/channel heterointerface will provide
an important guidance to design TFET structure for further
improvement of device performance at low voltage
operation.
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In this Letter, we demonstrate the experimental study of
the structural properties and the band offset determination of
a p-channel staggered gap Ing;Gag3As/GaAsg 35Sby 65 heter-
ostructure TFET. The VBO at the heterointerface was deter-
mined from x-ray photoelectron spectroscopy (XPS)
measurements. All p-channel TFET structures used for this
work were grown by solid source molecular beam epitaxy
(MBE), and Fig. 1 shows the schematic of such layer struc-
tures. The 5 nm Ing 7Gag 3As/450 nm GaAsg 35Sbg g5 structure
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FIG. 1. Schematic diagram of a p-channel TFET layer structure. 5nm
Ing ;,Gag3As/450 nm GaAsg 35Sbg ¢s was used for the measurement of bind-
ing energy information at the heterointerface, while 200nm Ing;Gag3As/
450nm  GaAsp3sSbggs and 450nm  GaAsg3sSboes without the top
Ing7Gag3As layer were used to measure the binding energy information of
bulk Ing ;Gag 3As and GaAs 35Sby 65, respectively.

© 2012 American Institute of Physics
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was used for the measurement of binding energy information
at the heterointerface, while 200nm Ing-Gag3As/450 nm
GaAsg355bg s and 450nm GaAs(35Sbg s without the top
Ing 7Gag 3As layer were used to measure the binding energy
information of bulk Iny;Gag3As and GaAsg 355bg 65, respec-
tively. XPS measurements were performed on a Phi
Quantera Scanning XPS Microprobe instrument using a
monochromatic Al Ko (1486.6¢eV) x-ray source. A take-off
angle of 45° and pass energy of 26 eV was used in all meas-
urements. The binding energy was corrected by adjusting the
carbon (C) 1s core level (CL) peak position to 285eV for
each sample surface. Curve fitting was done by the CasaXPS
2.3.14 using a Lorentzian convolution with a Shirley-type
background.

As shown in Fig. 1, due to the lattice constant difference
between active layers (Ing;Gag3As and GaAsg355bg 65) and
the InP substrate, a linearly graded In,Al;_,As buffer was
used to accommodate the lattice mismatch induced defects.
Reciprocal space maps (RSMs) were obtained using Panalyt-
ical X’pert Pro system with Cu Ko-1line focused x-ray
source to determine the amount of strain relaxation and the
layer compositions of the p-channel TFET structure. Figures
2(a) and 2(b) show RSMs for (004) and (115) reflections
obtained from the structure containing 200 nm Ing,Gag 3As,
with the projection of incident x-ray beam along [110] direc-
tion. All layers with measured compositions were labeled to
corresponding reciprocal space points (RLPs) in these
figures. Using the out-of-plane and in-plane lattice constants
extracted from Figs. 2(a) and 2(b), only 10% strain relaxa-
tion with respect to the Iny;Aly3As “virtual substrate” was
calculated in the Ing ;Gag 3As and GaAsg 35Sbg 65 layers. The
significantly lower strain relaxation value confirms the pseu-
domorphic nature of these two layers with respect to the
Ing 7Alg3As “virtual substrate.”

Engineering an abrupt change from Sb rich to As rich
interface is necessary for type-II staggered band alignment.
The change of group-V fluxes from Sb to As in the mixed
anion GaAsSb to mixed cation InGaAs layers would intro-
duce interface intermixing that leads to uncontrolled layer
composition at the interface, resulting in the shift of band
alignment. Dynamic secondary ion mass spectrometry
(SIMS) was performed to determine the compositional
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FIG. 2. Symmetric (004) and asymmetric (115) RSMs of the p-channel
TFET structure with the projection of incident x-ray beam along [110] direc-
tion. Only 10% strain relaxation values in Ing;Gag3As and GaAsg35Sbg g5
layers were extracted from RSMs, indicating low defect density in this
region.
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profile of As, Sb, Ga, In, Si, and C atoms at the interface.
SIMS analysis was performed using Cameca IMS-7f GEO
with Cs™ as primary ion beam. Figure 3(a) shows the Ga, In,
As, and Sb depth profiles of the p-channel TFET structure.
The depth profiles display an abrupt Ing,GagsAs/
GaAsg35Sbg s heterointerface. The transition between
Ing,Gag 3As/GaAsg35Sbges is less than 10nm, within the
sputter-induced broadening of the ion beam, indicating low
value of As and Sb intermixing at the interface. On the other
hand, a sharp doping concentration change at the source/
channel interface can reduce the tunneling width and
increase the tunneling electric field, thereby improves the
Ioy and SS.* Figure 3(b) shows the Si and C doping profiles
in the same p-channel TFET structure. It depicts an abrupt
junction profile at the Iny,Gag3As/GaAsg355bg ¢5 interface,
suggesting a steep junction is formed at the heterointerface.

The valence band offset at the Ing;GagsAs/
GaAs( 355bg ¢5 interface was determined with the method by
Kraut et al.,lo

_ GaAsSb GaAsSb InGaAs InGaAs .
AEy = (ESb 3ds —EVy ) - ( In 3ds), —Evpu ) —AEc, (i)
(1)

where EGASP - and Eji94S  are CL binding energies of

Sb3ds,, and ﬁ13d5/2; Eypy is the valence band maxima
(VBM) of the corresponding samples. Eypy was determined
by linearly fitting the leading edge of the valence band (VB)

spectrum to the base line." (E;Zng;z — ElGaAs)  and
(E?;’Aﬁf/z — EGatsSh) were measured from 200 nm Ing ;Gag 3

AS/450 nm GaAS0.35SbOA65 and 450nm GaAsO_35Sb0_65
without the Ing,Gag3As overlayer, respectively. AEcy (i)

= Esh /z(i) — Elncans P (i) is the binding energy difference
In3d5/2
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FIG. 3. (a) Dynamic SIMS depth profiles of Ga, In, As, and Sb of the TFET
structure. An abrupt Ing;Gag 3As/GaAsy355bg 65 interface with a transition
between Ing ,Gag 3As/GaAsg 35Sbg ¢5 of less than 10 nm was confirmed, indi-
cating low level of As and Sb intermixing at the interface; (b) doping con-
centration profiles of Si in the n™ source and C in the p* drain region. An
abrupt junction profile at the Ing;Gag 3As/GaAsy355bg 65 interface suggests
a formation of steep junction.
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heterointerface from 5nm Ing-;Gag3As/450nm GaAsgss
Sbygs sample. The CL and VB spectra from each sample
were shown in Figs. 4(a)-4(f). In order to improve accuracy
of the measured binding energy information, high resolution
measurements with a step-size of 0.025 eV was performed to
resolve the spin-orbit splitting of In and Sb 3d peaks. Curve
fitting was done on each CL spectra to separate In-As and
Sb-Ga bonds from the In-O and Sb-O bonds. The measured
binding energy of In-O and Sb-O bonds was about 444.90 eV
and 530eV, respectively, which were in agreement with the
reported values.''? The binding energy difference between
Sb-O and Sb-Ga bonds are large enough to resolve the Sb-O
bond as a separated peak (not shown in Fig. 4) from Sb-Ga
spectrum. As a result, unlike In3ds, CL spectrum, which
was a combination of In-As and In-O bonds, the measured
Sb3ds,, CL peak was Lorentzian shape without curve fitting.
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FIG. 4. XPS spectra of (a) In3ds,, CL and (b) valence band (VB) from
200 nm Ing;Gag 3As/150 nm GaAsg 355bg es sample; (c) Sb3ds,, CL and (d)
VB from 150nm GaAsg3s5Sbggs without the top Ing-;GagsAs layer; (e)
Sb3ds, CL and (f) In3ds, CL from S5nm Ing;Gap3As/150nm
GaAsg35Sbges measured at the interface. CL spectra curves were fitted
using a Lorentzian convolution with a Shirley-type background. VBM were
determined by linear extrapolation of the leading edge of VB spectra to the
base line.
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All measured binding energy values are summarized in -
Table. I. The values of (E};%0S — EVgi") and (EG™S
—EGaAsSh) were found to be 443.79eV and 527.66¢V,
respectively. The VBO of Ing,;Gap3As source relative to
GaAsg3s5Sbggs channel from the Eq. (1) is AE,=0.37
* 0.05eV. The uncertainty value 0.05¢eV is due to the scat-
ter of VB with respect to the fitting in VBM position.

The conduction band offset (CBO) can be calculated
from the following equation,'’

AEC — E?aASSh + AE\/ _ lzklg'nG(/IAS7 (2)

where, EJ*%P and EJ'°*Y are the band gaps of GaAsss
Sbg.es and Ing;Gag 3As, respectively. The bandgap of intrin-
sic GaAsg355bg6s at 300K was found to be 0.70eV by the
commonly used empirical law.'"* The bandgap of heavily
doped Iny;Gagp3As was determined to be 0.50eV using the
experimental measured bandgap of intrinsic Iny,Gag ;As"
and by considering the band gap narrowing (BGN) effect
caused by heavily Si doping.'®!” Using these results, the
CBO of Ing,Gag3As with respect to GaAsg355bg 5 Was cal-
culated to be AEc~0.57 V.

The strain relaxation of the active layers (Iny;Gag3As/
GaAsg355bg 65) of the p-channel heterojunction TFET struc-
tures is only limited to 10% with respect to the uppermost
layer (Ing7Aly3As) of the linearly graded In,Al, _As buffer.
These active layers are considered to be strained or near
lattice matched with respect to the “virtual substrate.”
However, the active layers are about 1.1% lattice mis-
matched to InP substrate and the measured strain relaxation
was ~80% relative to InP substrate. The 1.1% lattice mis-
match was mitigated by the linearly graded In,Al; ,As
(x=0.52 to 0.7) buffer starting with the lattice matched
composition of Ings,Alp4gAs to InP and ending with Ing;
Alp3As, which is closely internal lattice matched to
Ing,Gag 3As/GaAsg355bg 65 active layers. Growing of such
Ing ,Gag 3As/GaAsg 355bg 65 p-channel TFET structure on Si
will be lattice mismatched with respect to Si substrate, how-
ever, the active layers (Ing;Gag3As/GaAsg35Sbg¢s) and the
uppermost layer (Ing;Aly3As) of InyAl;_ As graded buffer
will also be closely internal lattice matched. Thus, the entire
p-channel TFET on Si will be considered as a
“metamorphic” (fully or partially relaxed) structure and the
active layers will be either pseudomorphic (strained) or lat-
ticed matched. In the past, the Ing;Gag3As quantum well
FET has been demonstrated on Si where the entire structure
was metamorphic while the active layers were pseudomor-
phic.'® Thus, the value of valence band offset will not
change, once the Ing;Gag3As/GaAsy3sSbpes based
p-channel tunnel FET structures are grown on Si.

Figure 5 shows the schematic band alignment based on
the band gap energy values determined above and the experi-
mental result of AEy measured by XPS. One can find that a
type-II band alignment was formed at the Ing-,Gag3As/
GaAs355bg ¢5 heterointerface. An effective tunneling bar-
rier height (Eperr = Eg”G“AS — AEy) of 0.13eV was extracted
from the present result. This effective tunneling barrier
height plays a significant role on the performance of either
n-channel or p-channel TFETs, which not only determines
the ON-state BTBT rate but also sets the blocking barrier for
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TABLE I. XPS core level spectra results after curve fitting and VBM posi-
tions obtained by linear extrapolation of the leading edge to the extended
base line of the valence band spectra.

Binding
Sample States Energy (eV) Bonding
200 nm Ing ;Gag 3As/ 450 nm In3ds), 444.30 In-As
GaAs.355b 65 In3ds), 444.90 In-O
VBM 0.51 —
450 nm GaAs 35Sbg 65 Sb3ds,, 528.25 Sb-Ga
Sb3ds) 530 Sb-O
VBM 0.59 —
5nm Ing,Gag 3As/ 450 nm Sb3ds), 528.02 Sb-Ga
GaAsy.355b 65 In3ds), 444.52 In-As
In3ds) 445.07 In-O
InGaAs Source GaAsSb Channel
GaAsSb
ma E
AE ~ 0.57eV
SR ¢ Rl IR E
EInGaAs i F
C
.3 _I_Ehcff =0.13eV GaAsSb
v
cass  AE,=0.37eV
EV :
ElnGaAs ElnGaAs E(S;:,:]s:/: . ESHASSI’
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In3d5/2 AE |
CL GaAsSb
Sh3ds/2

FIG. 5. Schematic energy-band diagram of the Ing;Gag3As/GaAsg35Sbg g5
heterointerface of a p-channel TFET structure. A type-II staggered band
lineup with an effective barrier height of 0.13eV was determined at the
heterointerface.

OFF-state leakage.1’6’7 In order to increase Ion and improve
the switching efficiency, a reduced energy barrier for tunnel-
ing is required.®®? Large increase in BTBT current has been
measured in type-II mixed As/Sb staggered gap TFETs by
reducing Eperr ° However, if Epog is reduced to a negative
value, a broken band lineup will be formed at the heterointer-
face. Although a broken band alignment yields better ON-
state performance,’ the increase in Iorr becomes another
roadblock for boosting the performance of TFET devices. In
that case, an additional gate bias is required to turn off this
tunneling mechanism.'® As a result, the Eyefr value should be
well optimized to guarantee high performance operation for
both ON and OFF states in a p-channel or n-channel TFET
structure. It has been reported that high Ion of 135 uA/um
with high Ion/Iopr ratio of 2.7 x 10* (Vps=0.5V, and
Von — Vorr= 1.5 V) was achieved using the similar device
structure for n-channel TFET,® indicating promising device
performance is expected in the structure studied here for
complementary p-channel TFET application.

In conclusion, the experimental determination of struc-
tural properties and valence band offset of a p-channel

Appl. Phys. Lett. 101, 112106 (2012)

Ing,Gag 3As/GaAsy35Sbges heterostructure tunnel FET
grown by MBE was investigated. Symmetric (004) and
asymmetric (115) reciprocal space maps demonstrated the
strain relaxation of the Ing-Gag3As/GaAsy3sSbggs active
layers is limited to only 10% with respect to the upper most
layer (Ing,Alp3As) of the graded In,Al;_ As buffer.
Dynamic SIMS measurement confirmed a low level
intermixing between As and Sb atoms as well as an abrupt
junction profile at the Ing,Gag3As/GaAsg35Sbges heteroin-
terface. A valence band offset of 0.37 =0.05eV at
Ing ;Gag 3As/GaAsg 35Sbg g5 heterointerface was obtained
from XPS measurements. The corresponding conduction
band offset of ~0.57eV was calculated using bandgaps of
GaAs355bg ¢5 and Ing,Gag3As. A type-II band lineup was
formed at the heterointerface with an effective tunneling bar-
rier height of 0.13 eV. Knowledge of band alignment param-
eters, especially the valence band offset and effective
tunneling barrier height of Iny;,Gag 3As/GaAsg 355bg ¢5 heter-
ojunction, is believed to facilitate the design of mixed As/Sb
staggered gap p-channel tunnel FETs for ultra-low power
applications.

This work is supported in part by National Science
Foundation under Grant No. ECCS-1028494 and Intel
Corporation.

'J. Knoch and J. Appenzeller, IEEE Electron Device Lett. 31, 305 (2010).

R, Gandhi, C. Zhixian, N. Singh, K. Banerjee, and L. Sungjoo, IEEE Elec-
tron Device Lett. 32, 437 (2011).

3A. M. Tonescu and H. Riel, Nature (London) 479, 329 (2011).

“H. Zhao, Y.-T. Chen, Y. Wang, F. Zhou, F. Xue, and J. C. Lee, Appl.
Phys. Lett. 98, 093501 (2011).

3S. Datta, in Proceedings of 66th IEEE Device Research Conference
(2008), p. 33.

°D. K. Mohata, R. Bijesh, Y. Zhu, M. K. Hudait, R. Southwick, Z. Chbili,
D. Gundlach, J. Suehle, J. M. Fastenau, D. Loubychev, A. K. Liu, T. S.
Mayer, V. Narayanan, and S. Datta, Dig. Tech. Pap—Symp. VLSI Tech-
nol. 2012, 53.

Y. Zhu, N. Jain, S. Vijayaraghavan, D. K. Mohata, S. Datta, D. Lubyshev,
J. M. Fastenau, W. K. Liu, N. Monsegue, and M. K. Hudait, J. Appl. Phys.
112, 024306 (2012).

8D. K. Mohata, R. Bijesh, S. Mujumdar, C. Eaton, R. Engel-Herbert, T.
Mayer, V. Narayanan, J. M. Fastenau, D. Loubychev, A. K. Liu, and S.
Datta, Tech. Dig.—Int. Electron Devices Meet. 2011, 781.

°0. M. Nayfeh, C. N. Chleirigh, J. Hennessy, L. Gomez, J. L. Hoyt, and
D. A. Antoniadis, IEEE Electron Device Lett. 29, 1074 (2008).

g, A, Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys. Rev.
Lett. 44, 1620 (1980).

""M. Kumar, M. K. Rajpalke, B. Roul, T. N. Bhat, A. T. Kalghatgi, and
S. B. Krupanidhi, Phys. Status Solidi B 249, 58 (2012).

2o, W. C. Lin, N. R. Armstrong, and T. Kuwana, Anal. Chem. 49, 1228
(1977).

13C. D. Wagner, Faraday Discuss. 60, 291 (1975).

“R. E. Nahory, M. A. Pollack, J. C. Dewinter, and K. M. Williams, J. Appl.
Phys. 48, 1607 (1977).

M. K. Hudait, Y. Lin, M. N. Palmisiano, and S. A. Ringel, IEEE Electron
Device Lett. 24, 538 (2003).

165, C. Jain and D. J. Roulston, Solid State Electron. 34, 453 (1991).

W .-S. Cho, M. Luisier, D. Mohata, S. Datta, D. Pawlik, S. L. Rommel, and
G. Klimeck, Appl. Phys. Lett. 100, 063504 (2012).

M. K. Hudait, G. Dewey, S. Datta, J. M. Fastenau, J. Kavalieros, W. K.
Liu, D. Lubyshev, R. Pillarisetty, W. Rachmady, M. Radosavljevic, T.
Rakshit, and R. Chau, Tech. Dig.—Int. Electron Devices Meet. 2007, 625.

195, 0. Koswatta, S. J. Koester, and W. Haensch, Tech. Dig.—Int. Electron
Devices Meet. 2009, 909.


http://dx.doi.org/10.1109/LED.2010.2041180
http://dx.doi.org/10.1109/LED.2011.2106757
http://dx.doi.org/10.1109/LED.2011.2106757
http://dx.doi.org/10.1038/nature10679
http://dx.doi.org/10.1063/1.3559607
http://dx.doi.org/10.1063/1.3559607
http://dx.doi.org/10.1063/1.4737462
http://dx.doi.org/10.1109/LED.2008.2000970
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1002/pssb.201147318
http://dx.doi.org/10.1021/ac50016a042
http://dx.doi.org/10.1039/dc9756000291
http://dx.doi.org/10.1063/1.323841
http://dx.doi.org/10.1063/1.323841
http://dx.doi.org/10.1109/LED.2003.816591
http://dx.doi.org/10.1109/LED.2003.816591
http://dx.doi.org/10.1016/0038-1101(91)90149-S
http://dx.doi.org/10.1063/1.3682506

