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Summary

INVESTIGATION OF NEGATIVE DIFFERENTIAL CAPACITANCE-VOLTAGE DEPENDENCES
OF SHOTTKY DIODE STRUCTURES WITH GAAS/INAS QDS

S. D. Lin, C. P. Lee, V. V. Ilichenko, V. V. Marin, M. V. Shkil,
A. A. Buyanin, K. Y. Panarin, O. V. Tretyak

Capacitance-voltage investigations were made on Schottky diodes with embedded
GaAs/InAs quantum dots and quantum wells. An effect of the negative differential
capacitance(NDC) was clear observed. Numerical modeling of the C-V dependences was carried
out with temperature and concentration of QDs as parameters. Energy structure of the investi-
gated samples was examined by deep level transient spectroscopy(DLTS). It was shown that the
proposed model is in good agreement with experiment and describes well the NDC effect.
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AHoTauisn

JOCTI)KEHHSA BOJbT-®APATHUX 3AJEKHOCTEN, IO MAIOTH HETATUBHY
JAUOEPEHUIAJBHY €EMHICTD, AIOAIB IHOTTKI 3 GAAS/INAS KBAHTOBUMU TOUYKAMMU

C. /1. Jlin, C. I1. JIi, B. B. Lnvuenko, B. B. Mapin, M. B. Ilxins,
A. A. Bysanin, K. IO. Ilanapin, O. B. Tpemsax

Bonbt-apamni gocmipkenns npopoaunucs Ha miogax LlorTki 3 GaAs/InAs KBAHTOBUMH
TOYKAMU Ta KBAHTOBUMH SIMaMU. EKCIIEpUMEHTAIILHO CITOCTepiraBcs epekT HeraTUBHOI Tudepe-
HiaabpHo1 eMHOCTI(H/IE). EHepreTnuna KapTUHA CTPYKTYpP JAOCHIKyBajiacs 3a JIOTIOMOTOO
peltakcamiifHoi CeKTPOCKOIii TIMOOKUX piBHIB. Byllo mpoBejaeHO YuceTbHE MOJICITIOBAHHS
BOJIBT-(hapaHUX 3aJICKHOCTEH, JIe TapaMeTpaMu OyJIu TeMIlepaTypa Ta KOHIIEHTpAIlisl KBAHTO-
BUX TOYOK, 110 omnncye edekT HJIE Ta modpe criiBagae 3 eKCriepuMEHTAIbHUMU PE3yJIbTaTAMH.

Kurouosi cioa: KBaHToBa TOuka, KBAaHTOBA sfMa, HeEraTUBHA Au(epeHliaJbHa €MHICTb,
PCTP.

AHHOTAILUA

WCCJIEJOBAHUE BOJIbT-®APATHBIX 3BABUCUMOCTEN C HETATUBHON
JUPPEPEHIUAJBHOW EMKOCTBIO TUOJ0B IIOTTKU C GAAS/INAS
KBAHTOBBIMU TOYKAMU

C. JI. Jlun, C. I1. JIu, B. B. Havuenxo, B. B. Mapun, H. B. IIxune,
A. A. Byanun, K. IO. Ilanapun, O. B. Tpemsak

BonbT-hapanasie ucciemoBanus npopoawianch Ha auoaax Hlortku ¢ GaAs/InAs KBaHTOBBI-
MU TOYKaMH M KBAHTOBBIMH siMaMH. Ha sKcrieprMeHTaIbHBIX 3aBUCUMOCTSIX HaOromancs 3¢-
ekt HeraTuBHO# muddepennmnanbaoit eMmkoctTu(H/IE). DHepreTuueckas kKapTuHa CTPYKTYp HUC-
CIIEZIOBAJIACH C TTOMOIIIBIO pelaKCaIlMOHHOM CIIEKTPOCKOIINH ITyOOKHUX ypOoBHEH. bbliio mpoBee-
HO YHCJICHHOE MOJICIIMPOBAHUE BOJIbT-(apaHbIX 3aBUCUMOCTEH, KOTOpOE OMHUCHIBACT 3(PPeKT

HI[E 1 XOPOIIO COBIIAAACT C SKCIICPUMCHTAJIbHBIMU PE3YyJIbTaTaMU.

KmoueBbie ciioBa: KBaHTOBast TOuka, KBAaHTOBas sMa, HeraTUBHAS JuddepeHIuanpHas eM-

kocTth, PCI'Y.

I. Introduction

Last years the investigation of structures with
self-assembled quantum dots (QDs) draws the in-
creasing attention of scientists and technologists
because of the prospect of the creation of function-
ally new devices of nanoelectronics. Because of the
new abilities to accumulate the carriers of a charge
in the QDs which could built into various semicon-
ductor heterojunctions such structures are capable
to show the certain physical phenomenon connect-
ed with charge of QDs and reveal some specific fea-
tures in capacitance-voltage (C-V) dependences!®.
Authors of main part of papers present experimen-
tal results of the investigation of the C-V depend-
ences for structures with QDs layers and determi-
nation such parameters of QDs, as concentration,
energetic position and capture cross-section. They
discussed considerably widespread peculiarities of

4

C-V dependences of the Schottky structures with
well-known “shelf” in such dependences connected
with charge accumulation in QDs states**. A
number of authors proposed some methods for the
detail calculation of the capacitance and compared
experimental and theoretical results™. At the same
time all of them considered only cases when quan-
tity of QDs states where charge accumulated was
not enough to be comparable or even locally over-
compensated the charge of main part of the spatial
charge region (SCR). Although, it should be noted
that at high enough density of QDs in multi-layer
structures negative charge accumulated in ground
and excited states of QDs can cause some unusual
properties of these structures and reveals specific
behavior of C-V dependences with negative differ-
ential capacitance (NDC) due to unique redistribu-
tion of charge in the SCR.
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I1. Samples and experiments results

The purpose of the present work is to investigate
influence of QDs on the C-V characteristics of the
Shottki diode obtained on the basis of GaAs matrix
with multi-layers of InAs QDs (with high density of
states) and layers combined of quantum wells(QWs)
and QDs layers placed in the middle of QWs built

a)
Au Schottky contact

n-GaAs 80nm 1e16
i-InAs 2.4ML
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n-GaAs 80nm 1e16

n+ GaAs buffer 2e18

n+ GaAs substrate

In Ohmic contact

periods

into the SCR of the diode. Both of these cases show
unusual capacitance dependences containing a part
with the NDC on the C-V curve. The investigated
structures were prepared by the molecular-beam
epitaxy(MBE) method using Varian GEN II system.

Detailed scheme of the structures investigated
in the present work are shown on Fig. 1.

b
) Au Schottky contact

n-GaAs 50nm 1e16

i—In0_15Ga0_85As 3nm 3 )
i-InAs 2.4ML periods

i-Iny ,5Gag gsAS 2nm
n-GaAs 500nm 1e16
n+ GaAs buffer 2e18

n+ GaAs substrate

In Ohmic contact

Fig.1. Scheme of the investigated structures:
a) with InAs QDs in the GaAs matrix, b) with InAs QDs in the middle of InGaAs QWs

For measurements two types of structures
were used: containing multi-layers of QDs and
containing combined layers consisting of 3 InAs
QWs where each has a layer of QDs settled down
inside, shown on Fig.1 a,b.

As one can see the investigated structures were
distinctly differed by physical mechanisms of the
capturing process. In the first case (this type of
samples is described on Fig.1a) layers of QDs
were built in directly to a GaAs matrix and the
filling process of QDs by electrons occured due to
capturing of carriers from the conduction band of
the GaAs matrix directly.

In the second case QDs layers were placed in
the middle of the QWs (see. Fig. 1b). It is neces-
sary to note that in the structures where a QDs
layer placed inside a QW there are created more
acceptable conditions for filling of the QDs local-
ized states from two-dimentional minizone states
which were very likely created in the QWs.

To increase a phenomenon of the influence of
a charge located in QDs, an area of the structure
where layers of QDs settled down was poorly al-

loyed by the impurity, and the quantity of the
QDs layers varied from 3 up to 5.

Capacitance measurements were made by
means of the capacitance bridge at a frequency of
IMHz at different temperatures and bias voltages
applied to the structure.

The results of measurements of the C-V de-
pendences of the investigated structures with
atypical behavior were obtained. Namely, in the
area of small forward biases a part of the de-
pendence with NDC (See Fig.2 a,b) was ob-
served.

On the basis of data received from independ-
ent researches the planar density of an arrange-
ment of QDs in two types of the investigated sam-
ples was accordingly 1X10!" cm? and 2X10'°cm™.

Remarkably, that the concentration of main n-
dopant was only 1X10'*cm™. So, it is possible to
draw a conclusion that the negative charge accu-
mulated in QDs can not only reach the value of
the total positive charge caused by ions of donors,
but also is capable to exceed it locally many times
under certain applied voltage.
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Fig.2 Capacitance-voltage dependences for the diode structures
a) with InAs QDs in the GaAs matrix, b) with InAs QDs in the middle of InGaAs QWs.

To determine the activation energy for emis-
sion of charges from electron states we use Deep
Level Transient Spectroscopy (DLTS). The basis
of the method is a measurement of the time con-
stant of a transient caused as charges are emitted
from the states. To create non-equilibrium condi-
tions filling pulses of different amplitude applied
to the structure in the straightforward direction
and bias voltage pulses applied to the structure in
the back direction were used. C-V measurements
were used to found input parameters (amplitude
of the filling pulse and bias voltages) for DLTS
investigation. One can see from C-V curves that
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the forward bias about 0.5+1V is the bias where
some deviations from traditional behavior are oc-
curred.

Impact of quantum dots in the investigated
structures was observed from DLTS measure-
ments under filling pulse more than
0.5V(Fig.3.a,b).

The activation of the charge emission process
by temperature causes the time constants to de-
crease exponentially as temperature is increased.
Arrhenius plots can be used to determine the acti-
vation energy and the capture cross-section of
each state.
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Fig.3 DLTS signal for the sample with QDs
a) Ubias = 0.2V and Ufill = 0.7V ; b) Ubias = 0.4V and Ufill changes from 0.5 to 1.5V.

The dynamics of the base QDs level was inves-
tigated. With increasing bias voltage and with
constant value of the filling pulse the base energy
level was shift to higher values. One can see DLTS
spectra for bias voltage 0.4V and different filling
pulses: 0.7, 1.0 and 1.5V. Activation energy of the

base level of QDs decreases with increasing filling
pulse from 350meV to 282meV. And it is neces-
sary to note that when the filling pulse was 0.5V
and below DLTS signal from the QDs base level
was vanished (Fig.3.b).
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II1. Theory and discussions of experimental
results

Here we obtained numerical simulation of the
C-V dependences of the Shottky diode with em-
bedded QD layer taking into account two energy
levels inherent to QDs systems very often.

Let us consider the contact between metal and
semiconductor with embedded QDs layers at dis-
tance of L,, from contact, the width of which is
disregarded to simplify our model. Suppose that
spatial distribution of QDs can be modelling by
means of delta-function.

s
Nq

Fig. 4 Zone-diagram of metal-semiconductor contacts
with QDs layer in SCR

The following equations set with following
boundary conditions were obtained:

d’p  eN, en,
=— +—2L6(x—L
& e | e (x =Ly, ) (1)
p(w)=0 2)
dg
= =0
dx |x=w 3)

The charge density, in the right-hand member
of Poisson’s equation, consists of two compo-
nents: N, —1is the constant charge density of ion-
ized impurity and n,, — is the charge density of
states accumulated in QDs.

The following solution of equations at this
case can be obtained:

eN ,

P()=-3 (x=w)" +

€

0,x<L,,
endot

. (4
+ L, — (
endot (x _ de ),x > de ( ‘dot x)

€€, 0

At big enough reverse bias the presence of layers
of QDs does not make any effect on the distribu-
tion of a charge and potential profile of Shottky
diode as energy levels of QDs settle down above
the quasi Fermi level and QDs states are free from
electrons and formula (4) tends to be classical®®.

When applied reverse voltage is deacreased,

Fermi level E, approaches to the energy level
E,, thatleads to the energy states are infilled by
electrons, therefore, n,, is increased in compli-
ance with Fermi-Dirac statistic:

Mo Vi) = N, 1

‘ 1+exp(EF _Ez(;_e%m) 5 (5)

m
here N, =Nme — is the effective density of

QDs, m — total number of layers of QDs in ar-
ray, § — total linear thickness of QDs array,
N — is the quantity of electrons captured to each
QDs. As it was estimated in 2 7] parameter can be
changed between 4 and 8 depending on QDs size.

While increasing of the forward bias, the quasi
Fermi level shifts upwards and statistical factors
of the filling of the QDs states should increase.

At the certain external voltage the quasi Fermi
level reaches a position of the QDs energy level.

Actually, when measuring capacitance-voltage
characteristic, we assign constant voltage to the
structure J and alternative testing signal ¥V, at
the measuring frequency f.

As the result of applying of static voltage, the
QDs states accumulate a significant negative charge
due to filling by electrons. This charge can not fol-
low alternative testing signal ¥, because filling time
for the first QDs energy level 7, >>2x/ f.

So, electrostatic equation for the potential in
this case can be written

eN, , eny,
4y +#Ldm. (6)

O, +gV =—
2¢eg, E€,

Thus, voltage y as a parameter that defines
SCR width is done in (6), changing of which de-
pending on voltage, gives us barrier capacitance

€g,

Cour =—— (7

Thus, to obtain equation that indirectly de-
fines dependence w=w(V), place (5) into (6) and
find:



Sensor Electronics and Microsystem Technologies. 2/2006

2 _ 2660 ((I)B _ V) + 2Ndot n - Ldm — O
N e'N 2
¢ ¢ EF _Edot - 2 ot (Ldot - W) (8)
1+ exp( kg;'o )

Direct dependence obtaining w=w(V) with
analytical elementary functions in general case is
impossible. So to calculate w on these conditions
we used only numerical solution.

At the external voltage ¥ when quasi Fermi
level approaches to the energy level E,, in QDs
testing signal ¥, can cause recharging of the exit-
ing energy states. It is necessary to note, that time
of recharging process for these states by electrons
from conduction band strongly depends on ener-
gy position of QDs states.

So, to calculate capacitance-voltage characteris-
tic of such contact with QDs in zero approaching
when all charge in QDs states can be completely re-
charged at the measuring frequency f, the common
capacitance of the structure should be written®’

C=Chu +Cyy > ©)

where, according to the definition of differential
capacitance

dndot

e (10)

The results of numerical C-V simulation are
presented on Fig. 5.

Cdot =

C (pF)
[§v -3 B .;..

153 e ‘5,., -

AT 1S M 0 D88 0B 043 03 0K KM 0% B3 0R V(D)
Fig.5 C-V curve simulated for the structure with
5 layers of QDs with N, =10"em™, n=4 taken at

T=300 K.

It could be assumed, that depending on the
position of QDs in the structure the range of volt-

ages (when the area of the C-V dependence with
NDC could be observed), can move from the
range of forward to small reverse biases.

It is ramarkable that the accumulation of the
negative charge in the QDs layers can cause essen-
tial redistribution of the electric field and poten-
tial profile in SCR. It leads to the creation in the
structure of two areas, before and after these QDs
layers, with comparatively different distributions
of the charge and, possible, opposite directed
electric fields around them.

It is necessary to underline that C-V curves re-
veal distinctly different temperature dependences
for the samples with the layers of QDs only and
samples with the QDs layers inside QWs. For
both of these cases the C-V parts with NDC can
be clear experimentally observed.

It is evident from experimental results that
the part of the NDC appears on the C-V curve
at a little lower room temperature for the sam-
ples with QDs inside QWs. It is clear, that the
process of accumulation of a charge in the QDs
through the QWs reveals strong enough tem-
perature dependence in the range of 193-333K.
Decreasing of the temperature results in the
part of NDC becomes very clear observed and
the capacitance reaches the minimum at the
lowest temperature. At 193K the amounts of
effect consists almost 15 % of the range of
changing of capacitance. At the same time, for
the samples with QDs without any additional
QWs layers, the part of the NDC reveals on the
C-V curve already at room and even more high
temperatures. However, in this case the part of
the NDC scarcely varies in the wide enough
temperature range, and the share of the NDC
does not exceed 5 % of the range of changing of
capacitance.

IV. Conclusions

In the present paper the phenomenon of the
negative differential capacitance(NDC) on the ca-
pacitance-voltage characteristics of Shottky di-
ode with the layers of QDs and QDs in QWs can
be clear experimentally observed.
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Numerical simulation of C-V dependences on
such parameters, as temperature and concentra-
tion of QDs has been carried out. The results of
calculations good describe NDC effect and agree
well with experimental results.

It is shown, that the part of the NDC in C-V
curve reveals distinctly different temperature de-
pendences for the samples with the layers of QDs
only and samples with the QDs layers inside
QWs.
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