Solid-State Electronics 54 (2010) 1511-1519

Contents lists available at ScienceDirect
SOLID-STATE

ELECTRONICS

Solid-State Electronics

journal homepage: www.elsevier.com/locate/sse iz

Multiple steady state current-voltage characteristics in drift-diffusion
modelisation of N type and semi-insulating GaAs Gunn structures

J.C. Manifacier *

Université des Sciences et Techniques — Montpellier I, Place E. Bataillon, 34095 Montpellier Cedex 05, France

ARTICLE INFO

ABSTRACT

Article history:

Received 15 August 2009

Received in revised form 5 July 2010
Accepted 14 July 2010

Available online 8 August 2010

The review of this paper was arranged by S.

Cristoloveanu

Keywords:
Semi-insulating
GaAs

InP

Theoretical and numerical investigations of carriers transport in N-Semi-Insulating (SI)-N and P-SI-P
diodes is extended to the case of extrinsic (N type) or SI samples with Gunn like electric field dependent
mobilities. The results obtained in a preceding publication [1] are valid as long as the bulk electric field
does not increase above a threshold field E;, associated with the beginning of negative electron differen-
tial mobility values: pn = (dvn/dE) <0, v, being the electron drift velocity. Convergence and stability
problems occur only, for the steady state numerical simulation, in long N*~N-N* or N*-SI(N™)-N* diodes.
SI(N™) characterizes a SI layer which keeps, under applied bias, a free electron concentration close to its
thermal equilibrium value up to the beginning of electron space charge injection. A systematic study has
been made by varying the contact boundary properties: flat band, metallic, N or P*; the length of the
sample and the electric parameters of the deep compensating trap of the SI layers. We show that these
steady state numerical instabilities are related to the existence of multiple current-voltage solutions
when numerical modelisation is made using the drift-diffusion model.
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1. Introduction

In a previous article [1], we analyzed ambipolar conduction
mechanisms in N-Semi-Insulating (SI)-N and P-SI-P structures.
We used the analytical and numerical framework of the drift-dif-
fusion model with constant electron and hole mobilities. Both long
samples, Lg; > Lpq as used for radiation detectors and short samples,
Lsi < Lp, as used in buried heterostructures, were considered, Lg;
being the SI layer thickness and Lp, the ambipolar diffusion length.

SI GaAs or InP are obtained by deep level compensation of resid-
ual donors or acceptors. The deep centre and residual donor or
acceptor concentration values: N |Nj— Np|, are in the range
10'°-10"" cm 3 and for carrier lifetimes of the order or greater
than 107%s, Lp, is greater than both the contact (N-SI or P-SI)
space charge thicknesses and the screening length Ls [2]. For a
mid-gap deep level and a compensation ratio r=|N4— Np|/
N; =~ 0.5, Ls reduces to:

Lo &0 kT {1 N N¢nep, -
STV eMme+p) | (e + M)(Pe + Pre)(e + Pe)
. |4eoe kT

“\"en, M)

* Address: Université Montpellier — Sciences et Techniques du Languedoc, Place
Eugéne Bataillon, 34095 Montpellier Cedex 5, France. Tel./fax: +33 467143413.
E-mail address: jean-claude.manifacier@univ-montp?2.fr

e

0038-1101/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.s5e.2010.07.011

Typical Ls values, for N; € [10'°-10'7 cm 3] and T =300 K, are in
the range [100-10 nm]. For short SI layers, having thicknesses Lg; of
the order or less than one pm, it is difficult to distinguish contact
from bulk effects.

Equilibrium free carrier densities: n,, p. in SI layers are obtained
assuming space charge neutrality and complete ionization of shal-
low donors or acceptors. In the case of a deep donor, density N,
compensating a residual acceptor of density N, with p. the equi-
librium concentration of ionized deep donor centres, the space
charge density psc=e(pe * Pre — Ne — Na) = 0. With n,, pe < Na<Nj,
we have pg ~ Ny, leading to:
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Equivalent relations are found for the case of a deep acceptor le-
vel compensating a residual donor.

An important relation, valid outside the space charge regions,
was obtained for non-equilibrium conditions between the excess
free carrier densities An=(n —n.) and Ap =(p — pe) [1]:
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where Tn, Tpr, pir and ny. are the Shockley-Read-Hall trap
parameters with: nyp;, = n.p, = n? [3]. Eq. (3) is valid in the case
of field dependent mobilities. It is an extension, for SI layers, of
the well known quasi space charge neutrality condition, An ~ Ap,
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valid in the steady state and outside space charge regions, for
extrinsic semiconductors. This relation is verified for lifetime semi-
conductors [4], where Ls < Lp,. This is the case of compensated SI
GaAs and InP. Before the onset of one carrier space charge current
at high injection level the free carrier concentrations n and p are
negligible for N-SI-N and P-SI-P structures and the space charge
reduces to psc =~ e(p; — Na). Eq. (3) can be deduced from the steady
state value of the ionized deep donor concentration p,/(n, p):

Pe(n,p) = Ne[TaeP + Tpelie]/[Tne (P + P1e) + Tpe (N + M) (4)

Differentiating, dp, = 0 gives Eq. (3). It was shown [1] that for
any increment An and Ap verifying Eq. (3) we have:
Ap¢= (Pt — Pre) = 0 and ps. = 0. This space charge neutrality condi-
tion breaks down inside the contact space charge region and at
the beginning of electron or hole space charge currents.

Starting with Eq. (3) together with the familiar Shockley
hypothesis of quasi Boltzmann equilibrium across N-SI contacts:
ng ~ ng;. exp(eV;/kT) or P-SI contacts: pg =~ pg . exp(eV;/kT), an-
other useful relation was established involving a parameter M, a
simple function of the deep centre electrical parameters:
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When M, < 1, the SI layer behaves like a SI(N™) layer and a linear
J-Va relationship is observed for N-SI(N~)-N structures at low and
intermediate applied voltage. The conduction mechanism is bulk
controlled with the electric field E ~ |Va|/Ls, the conductivity
0 ~ o, together with negligible voltage drops, Vj; and Vj,, across
both N-SI contacts. Both contacts show ohmic behaviour. For
increasing applied bias |Va|, complete depletion of holes
(Ap ~ —p.) may occur together with a barely affected electron con-
centration, if M; < 1 [1]. At higher voltage, electron space charge
current set in. For a P-SI(N™)-P structure, on the other hand, the
J-Va relationship shows a saturation effect. Most of the applied
voltage is lost across the reversed biased contact and hole space
charge current sets in at higher voltage. It is important to note that
a SI(N™) layer can be such as to satisfy p, > n, i.e. a SI(N~) layer can
be in fact P type at thermal equilibrium with o, = op..

When M; > 1, the SI layer behaves like a SI(P~) layer. P-SI(P~)-P
structures are bulk controlled showing a linear, quasi ohmic,
0 = Ope, J-Va relationship and electron depletion occurs for increas-
ing Va. N-SI(P~)-N structures are contact controlled. The SI(P~)
layer can be N type at thermal equilibrium with n, > p. and . ~ 7.

When M, ~ 1, typically for 0.5 < M, < 2, both contacts and bulk
effects are important. The transition from ohmic regime (bulk con-
trolled) to saturation regime (contact controlled) is quite swift
around M, =1, see Fig. 8 [1].

2. Drift-diffusion equations with electric field dependent
mobilities

2.1. Electric field dependent mobilities

We now extend our analysis to the case of electric field depen-
dent mobilities and drift velocities [5-9], with:
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Hno = 4000 cm?/Vs and pip, = 280 cm?/Vs are the low electric field
mobilities, s = 8.5 x 10 cmys, Up,sat = 107 cm/s the saturation

drift velocities and E, = 4000 V/cm. In this model, v, is a continu-
ously increasing function of E up to its saturation value v, The
electron velocity, on the other hand, show a broad maximum value,
Unmax ~ 1.22 x 107 cm/s, obtained at a threshold electric field value
E.; ~ 4080 V/cm. This is followed by a region of pronounced nega-
tive differential mobility, fiqir=(dvs/dE)<0, in the interval
E € [4-10 kV/cm]. Above E ~ 10 kV/cm, v, ~ ¥ sq.. From Eq. (6) we
obtain the following relation: vy max = (3 tnoEen)/4-

In an electrically homogeneous semiconductor, such as N GaAs
or InP layers, when i, ¢ < 0 and if contact effects can be neglected,
a local charge fluctuation is amplified resulting in the formation of
a high field domain and high frequency Gunn oscillations [10-12].
For a trap controlled SI layer, instabilities and low frequency oscil-
lations are observed [13 and ref. therein]. These instabilities can be
cyclic or even chaotic and occur on various time-scales. In particu-
lar for a SI compensated sample, using time dependent analysis, we
have for the ionized deep donor concentration p{n, p):
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For the steady state it reduces to Eq. (4). Now, assuming small
departure from the steady state: n,, p,, the reduced (homoge-
neous) equation has a solution: p, ~ exp(—t/t,) with the charac-
teristic time T, = T TpeNe/[Tne (Do + P1r) + Tpe(Mo + N1¢)]. T is of the
order of 7,,(N¢/n.) with a value equal to a few seconds in the case
of SI GaAs or InP having a mid-gap deep level and similar hole
and electron capture cross sections. If we assume that the electric
field is homogeneous (spatially uniform) and has the same value in
the bulk and near the contact, we do not expect, for time indepen-
dent conditions, a Gunn N type negative resistance to lead to
numerical instabilities in computer simulation under constant bias
Va.

Eq. (6) assumes quasi instantaneous intervalley relaxation time.
This leads to other difficulties. At first, for very short, ballistic de-
vices, the effect of the electric field is known to be non local and
this »,(E) relationship should then be applied to transport problem
with care [11, p. 62 and 10, p. 652]. This is not a problem for our
somehow longer samples. Then, numerical instabilities and lack
of convergence towards a stable numerical solution is often re-
ported for inhomogeneous samples in the steady state and under
constant dc bias when p, gy < 0; leading some authors to resort
to a simple velocity saturation model [14,15]. We will try below
to clarify the difficulties related to numerical instabilities.

It is well known that, due to contact effect, there is a large dis-
crepancy between the average, sometimes called the configura-
tional electric field, defined as the ratio of the applied voltage to
the sample length and the real, position dependent, field value
[10, p. 651, 16,17]. In order to assess the origin of the numerical
instabilities observed in our samples, we will first consider sam-
ples such that at thermal equilibrium we have a flat band structure.
We will consider both N and compensated SI layers and we will
show that, for these thermal equilibrium flat band structures, be-
sides the trivial J(Va) relationship associated to an homogeneous
electric field E = |Va|/L, other physical solutions exist corresponding
to position dependent E, n and p values. We believe it explains the
numerical instabilities observed for the more complex samples
such as N*-N-N* and N*-SI-N* structures.

2.2. Physical and numerical model: time independent drift-diffusion
equations

We take into account, in the framework of the drift-diffusion
model, the Shockley-Read-Hall generation recombination mecha-
nism as well as the trapped space charge:

Psc(X) = e[p(x) = n(x) + Np — Na + p(x) — 1:(x)] (7)
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