Extended Abstracts of the 2015 International Conference on Solid State Devices and Materials, Sapporo, 2015, pp202-203

PS-6-18

Analysis of energy states where electrons and holesexist in pseudomorphically
strained InAs HEMTs

Yui Nishio, Takato Sato, Naomi Hirayama, Tsutondaliand Yoshifumi Takanashi
! Tokyo University of Science
Department of Materials Science and Technologyaof Industrial Science and Technology
6-3-1, Niijuku, Katsushika-ku, Tokyo 125-8585, Japa
Phone: +81-3-5876-1417(1815) E-mail: j8213703@scdatujp

Abstract

For a system where electrons and holes co-exist, we| _

establish the theory that takes into account the no
parabolicity only for the conduction band of the IPAs
channel layer in strained InAs-HEMTs (InAs-PHEMTS).
This theory enables us to rigorously determine nobnly
the energy states and the concentration profiles fdooth
carriers but the shift of the threshold voltage of
PHEMTs due to the holes accumulate in the channel.
The calculation is made by solving the Schrédingesind
Poisson equations self-consistently for both carrist

1. Introduction
High-electron-mobility transistors with a pseudomor

phically strained InAs channel (InAs-PHEMTSs) have at-

tracted much attention because of their high-spmmsta-
tion and their applicability to high-speed 1&8Ve have
recently used an energy-dependent effective masalto-
late the energy states of the two-dimensional elacyas
(2DEG) in the InAs channel of InAs-PHEMT&.The pur-
pose of this paper is to provide the theory deswilthe

2DEG and the two-dimensional hole gas (2DHG) energy
understanding characteristids o
INAs-PHEMTS. In this theory the nonparabolic relation
between the energy and the wavenumber was taken int

states required for

account for the conduction band, but the paralreliation
was taken into account for the valence band.

2. Analytical method

We chose the z-direction perpendicular to the quan-

tum-well plane. For the conduction band, the noalpalic
dependence of the enerfyon the wavenumber vectkris
taken into account by defining the following ener-
gy-dependent effective mass based onktlpeperturbation
theory: m'(zE)=m (z)[1+a(z)(E-E.(2))]. @
wherez is the distance from the surfacey(z) is the effec-
tive mass at the bottom of the conduction band,E&(x) is
the conduction band energy. In additiofg) is a nonpara-
bolicity parameter equal to By, E;being the bandgap en-
ergy of the channel. The analytical method and éopst
for electrons is described in detail elsewHéFar the va-
lence band, both heavy holbh] and light hole Ih) are
taken into account in the following calculation.sd) the
parabolic dependence &fon k for holes is for simplicity
assumed to be isotropits a result, the Schrodinger equa-
tions for electrons and holes in th& subband are ex-
pressed as follows:

n? 9°
2m (2)| 1+a(2)(Ex -E.(2)) ] 07 _
+EC(Z)+ nk® wnk(z)_E'*wrk (Z)
2m (2)[1+a(2) (Ex ~E.(2))]
o (electrons) (2)

nd 1 d _
[‘Ea[m@ a]* =0 }” @R

(holes:i=hhh) (3)

where E,x and ¥« (z) represent the energy and the wave-
function of electrons, respectively, and whErg ¥,;, E,i(2),
and m(z) are the energy, wavefunction, valence-band en-
ergy, and effective mass of holes. The Schrodimggra-
tion (2) for electrons was solved using a stangbendurba-
tion theory approach. That is, we regarded the geimn
cluding a as the perturbed Hamiltonian and regarded the
rest of the terms as the unperturbed Hamiltofidfhe
electron density is provided by the following edomat?
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where p,(E) is the density of states arit, is the qua-
si-Fermi energy for electrons. The heavy-hole and
light-hole densities are given by
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whereEg, is the quasi-Fermi energy for holes.
Using the distribution profiles for both carrierge can
estimate the exchange-correlation energy includedhé
Schrédinger Egs. (2) and (3§By letting ¢(z) be the elec-
trostatic potential, the Poisson equation is writis
(6)

d d +

E[S(Z)EMZ)} = —e[ND (2)+p(2) —n(z)},
whereg(z) is the dielectric constaritly*(z) the ionized do-
nor density,n(z) the electron density, aniz) = pn(z) +
pn(z) the hole density. The potential enerdig&) in Eq.
(2) andEi(z) in Eg. (3) were estimated usip@z) in addi-
tio?4)to the exchange-correlation and the band distoi-
ty.?

W, (2) dE, (electron) (4)
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3. Results and discussion

The cross section of PHEMTs assumed in the
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calculation of quantum states for InAs PHEMTSs, which to increase logarithmically with the irradiatediopt power.

corresponds to that of an InAs PHEMT reported in.Ref  Our theory may explain the dependenceAds, on the

is shown schematically in Fig. 1. The epitaxialdeycon- irradiated optical power in InAs-PHEMTsIn this way,

sist of an wundoped InAlAs layer, an undoped for a system where electrons and holes co-exist,

In,Ga,.,As/InAs/InGa, ,As composite channel layer (10 self-consistently solving the Schrédinger and Rwissqua-

nm), and an InAlAs barrier layer with a Si-dopingndity tions for both carriers enabled us to rigorouslyethaine

of 2 x 10? cm? (4 nm). not only the energy states and the concentratiofilgs for
Figure 2(a) is the energy band diagram for the uond both carriers but the shift ofry of PHEMT due to the

tion band and the carrier concentration of 2DEG at aholes accumulated in the channel as a functign. of

gate-to-source voltagéss of 0 V for the case wheng is

zero. Here the sheet electron density of 2DEg3,in ps= 0 4. Conclusions

is 3.0<10" cm % The surface potential energy was set toIn summary, for a system where electrons and holes

0.655 eV, which corresponds tovas of 0 V. TheEr, lies co-exist, we established the theory that takes atmount

near the 2 subband energy because of the high dopingthe nonparabolicity only for the conduction band toé

level and the large conduction band discontinuitly, InAs channel layer. This theory enables us to agsly

(about 0.74 eV). Figure 2(b) shows the energy bdiael determine not only the energy states and the coratiEm

gram for the conduction and valence bands as wsetha  profiles for both carriers but the shift ¢, of PHEMT due

carrier concentrations of 2DEG and 2DHG for the caseto the holes accumulated in the channel. The caloala

wherepswas 2.6:10" crmi?comparable to thag, of 2DEG. was made by solving the Schrédinger and Poissom-equ

As a result,nsis increased to 5.0 cm? (n=ng +py) tions self-consistently for both carriers.

because of the effect of the hole accumulation. Ehes
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