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V. V. llchenko, S. D. Lin, V. V. Marin, O. V. Tretyak

Abstract. The field-effect transistor (FET) structures with quantum dots (QDs) layer placed close
to the high electron mobility channel on the heterojunction GaAs/AlGaAs are investigated in this
paper. It was shown that charge accumulated in QDs layer can essentially change the threshold volt-
age value needed to open the channel. Because of kinetic nature of capturing and emitting processes
in QDs the differential capacitance measured between Source and Gate has the specific view with
several maximums on C-V curves depending of the frequency of testing signal. Due to influence of
charge accumulation in QDs on the coefficient of transmission for the transistors with QDs layer
under the gate the FET structure demonstrates the effect of dynamical changing of channel con-
ductivity.
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EJIEKTPOHHI BJIACTUBOCTI IIT CTPYKTYP 3 IIIAPOM KT B ITII3ATBOPHII OBJIACTI
B. B. Invuenxo, I1I. /1. Jlin, B. B. Mapin, O. B. Tpemsak

Anotania. B gaHiit cTaTi mocimKyBaaucs CTpyKTypu IojaboBux TpaH3uctopiB (I1T) 3 mapom
kBaHTOBHX TO4Y0K (KT), po3ramoBaHuM OJIM3bKO 10 KaHAIIY 3 BUCOKOIO €JIEKTPOHHOIO PYXJIUBIC-
Ti0 Ha reteporpanuili GaAs/AlGaAs. byno mokaszaHo, 1110 eJIeKTPUIHUN 3apsijl, 110 aKyMYJTIOETHCS
B mapi KT, Moxke CyTTeBO 3MiHIOBATU 3HAYEHHSI [IOPOrOBO1 HATIPYT'M HEOOXiIHOI 151 BiZKpUBaHHS
KaHany. Uepe3 KiHETUUHY MPUPOAy MpoleciB 3axoruieHHs Ta emicii B KT nudepeHuiaaibHa eM-
HiCTbh, BUMipsSHA MixK BATOKOM Ta 3aTBOPOM, Ma€ CIIen(iqHMI BUTJISIA 3 KUTbKOMAa MaKCUMyMaMK
Ha C-V KpuBili B 3aJIe3KHOCTI Bill 4aCTOTH TECTOBOTO CUTHAJY. 3aBISKU BIUIMBY HAKOITMYCHHS 3a-
pany B KT xoedimienT nepenadi mrg TpaHsnctopy 3 mapom KT B mig3aTBopHiit 061acTi JeMOH-
CTpye e(PeKT AMHAMIYHOI 3MiHU TIPOBIAHOCTI KaHAaJTY.

Kirouosi ciioBa: mosiboBi TpaH3UCTOPU, KBAaHTOBI TOuku, GaAs/AlGaAs
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DJIEKTPOHHBIE CBOVICTBA IIT CTPYKTYP CO CJIOEM KT B IIOJI3ATBOPHOI OBJIACTU
B. B. Havuenxo, 111. JI. /lun, B. B. Mapun, O. B. Tpemsax

AnnoTtamus. B 1aHHOI cTaThe UCCIEI0BATMCH CTPYKTYPhI MojaeBbiX TpaH3ucTopoB (I1T) co cio-
eM kBaHTOBBIX ToueK (KT), pa3sMmelieHHBIM BOJIM3M KaHaja ¢ BBICOKOM 3JIEKTPOHHOM MOIBWK-
HOCTbIO Ha reteporpanHuie GaAs/AlGaAs. bbuio mokazaHo, YTO 3JIEKTPUYECKUIA 3apsid, KOTOPBIH
akkymynupyetcs B ciaoe KT, MOXeT CylIeCTBEHHO MU3MEHSTh 3HaYeHME ITOPOrOBOT0 HAIIPSKEHMS
HEOOXOIMMOTO JJIS OTKpbIBaHMSI KaHaja. M3-3a KMHETUYECKOM NPUPOALI IIPOLECCOB 3axBaTa U
smuccuu B KT nuddepeHnmanbHasg eMKOCTb, U3MepEeHHAas MEXIy MCTOKOM M 3aTBOPOM, MMEET
crienrUIecKril BUI ¢ HECKOJBKUMM MakcuMyMaMy Ha C-V KpUBOIi B 3aBUCUMOCTH OT YaCTOThI
TecToBOro curHana. baaronaps HakorieHuto 3apsiaa B KT koaguuueHT nepegadyu TpaH3UCTOpa
co cioeMm KT B moa3arBopHoOIt 00J1acTH AeMOHCTpUpYeT 3¢ GeKT IMHAMUYECKOTO U3MEHEHUS ITPOo-

BOOAMMOCTH KaHaJjia.

KnroueBsie ciioBa: 1mojieBbie TPaH3UCTOPBI, KBAHTOBBIE TOUKM, GaAs/AlGaAs

The FET structures with InAs QDs layer at-
tract the considerable attention of the scientists and
technologists because of existence of accumulation
charge phenomenon in the QDs layer which are re-
sponsible for the dynamic memorizing in such kind
of structures [1—6]. The main goal of this investiga-
tion was to design and study the structures with effec-
tive mechanisms of the accumulated in QDs charge
influence on the conductivity of the 2-D gas channel
placed nearby. In our case the inverted HEMT (high
electron mobility transistor) structures were used be-
cause of number of unambiguous advantages for the
charge capturing conditions to the QDs [7].

In this paper the investigation of the most im-
portant parameters of the FET structures with QDs
layers under the gate area were performed, such as
the threshold of the gate opening voltage and the
frequency dependence of the transmission coef-
ficient when QDs charge makes the influence on
the conductivity channel. Because of high electron
mobility of 2-D gas channel all filling and emission
electron processes with QDs could be clear observed
at these structures.

All structures were grown in National Nanode-
vice Laboratory of Chiao-Tung University (Hsin-
chu, Taiwan) by the MBE methods and using stan-
dard lithography technique. On Fig.1 the multi
layer structure diagram with QDs placed under the
Gate is shown.

Samples and their preparation

As it clearly follows from the Fig.1 Schottky bar-
rier forms low conductivity layer over the channel
(80 nm). At the applied Gate voltage QDs layer can
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be recharged and change the potential distribution
under the gate area. Due to small distance between
2-D gas and QDs layer(20—30 nm) filling and emis-
sion electron processes with QDs layer can flow
relatively fast then it was observed in the standard
Schottky diode structures with QDs layer[4—6]. Al-
GaAs basement (300 nm) of this structure provides
good isolating confinement for the 2-D gas channel
formed due to 6-doping of AlGaAs from the bottom
side.

Schottky contact

1-GaAs cap layer

AA A oo
1-GaAs cap buffer layer 20 nm
- 10nm
S Y. 40mm
i-AlGaAs 300 nm

1-GaAs butfer layer 200 nm

S.1 GaAs substrate

Fig. 1. The scheme of the experimentally grown struc-
ture.

Source and Drain contacts were formed by
means of In electrodes and standard lithography
technique with the different size masks of the gate
length changed from 10 to 100 mkm.
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As it is well-known there are several quantum
levels in the 2-D gas channel can be placed on the
boundary of the heterojunction GaAs/AlGaAs.

By voltage applied to the ohmic (Indium) con-
tact the position of quasi Fermi level concerning to
the quantum levels of QDs and 2-D gas channel can
be changed easily. On Fig. 2 the energy diagram of
the experimentally performed structure with nega-
tive and positive voltage applied to 2-D gas channel
is shown.

Experimental results and their discussions

Using the energy diagram (see Fig. 2) it is pos-
sible to explain qualitatively two different states of
FET structure which happen when QDs layer be-
comes empty or filled by electrons dependening on
the voltage applied between Gate and Source U ..

qd

T

qd

iy

Fig. 2. The energy diagram of the FET structure for the
forward and reverse applied voltage between Gate and
Source.

At first the transient characteristics of the inves-
tigated structures on the direct current were mea-
sured for negative and positive potential applied to
the Gate. It should be mentioned that all structures
could be switched off by negative U .

On the one hand we want to get reliable evidence
that FET structures are working properly. On the
other hand we want to be sure that structures are
good enough sensitive to the voltage applied to the
Gate. To find differences in their characteristics the
structures with QDs layer and without it were inves-
tigated for comparison.

The families of transient characteristics ob-
tained for the different external voltage applied
between Source and Drain are presented on the
Fig 3a and 3b.
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Fig. 3. Transient characteristics of the FET structures
with (a) and without (b) QDs layer under the Gate area
taken at the different voltage between Source and Drain.

It is clear from the Fig.3a that current in the 2-D
gas channel for the structures with QDs layer can be
closed only at about -2 V applied to the Gate. At the
same time the structure without QDs layer can be
closed at positive applied potential +0,5 V.

This phenomenon looks quite understandable
because QDs can accumulate large enough nega-
tive charge providing weak screening field effect
in the space charge region under the Gate. So, to
push out the carriers from the 2-D gas channel it is
necessary to apply considerably large negative volt-
age to the Gate in this case than for the structures
without QDs layer where electric field in the space
charge region can push out the carriers from the
2-D gas channel when applied the Gate voltage is
less then 0,5 V only. In other words, charge accu-
mulated in QDs layer in the investigated structures
can essentially shift the threshold voltage so, that
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to close this structure it is necessary to apply to the
Gate more large negative potential to overhead the
influence of QDs negative charge placed under the
Gate.

As is follows from the Fig 3a the 2-D gas chan-
nel is already opened when applied to Gate volt-
age is equal to zero. Under this condition all QDs
are filled by electrons. It is well known from the
DLTS experiments performed in [7] for the similar
experimental structures. It means that differences
between transient characteristics obtained for the
structures with QDs( Fig. 3a) and without QDs(Fig.
3b) at zero Gate should be definitely concern of the
charge states of QDs layer. Thus, in order to close
the 2-D gas channel it is necessary to make QDs
empty. One of the possible ways to check this point
is measure the frequency dependences of differen-
tial capacitance between Source and Gate.

The results of C-V measurements are good con-
sistent with the results for transient characteristics
obtained before (See Fig.4a and Fig.4b). There are
two structures with QDs layer and without it mea-
sured for comparison as well.

As it is clearly observed C-V curves for the struc-
tures with QDs have the specific part with two peaks
at small negative applied voltages between Gate and
Source (U,). This part of C-V curves looks quite
different from C-V curves for the structures without
QDs layer obtained. It should be noted that differ-
ences of transient characteristics for these samples
could be observed at same range of applied voltage
U, when QDs could change their charge states. It
is very representative that C-V curves demonstrate
strongly marked frequency dependences for the
structure with QDs layer at this range of applied
voltage U .

The explanation of the negative differential ca-
pacitance for the structures with QDs layers were
clearly substantiated in [2—5]. There was shown
that quantity of peaks and their dispositions are as-
signed of quasi Fermi level position concerning to
quantum levels depending on applied voltage. When
quasi Fermi level goes down at negative applied volt-
age U the quantum level of QDs becomes empty.
Otherwise when quasi Fermi moves up and crosses
the quantum levels of 2-D gas channel they are pro-
gressively filled by electrons.

For positive applied voltage U, C-V curves have
considerably negligible differences for the structures
with and without QDs layer although C-V curves
for these types of structures have also two large
peaks but only at positive applied voltage U . It
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can be explained because of much more important
contribution in capacitance of charge accumulated
on quantum levels in 2-D gas channel. Because of
some differences in potential distribution there are
some distinctive features for the samples with and
without QDs should be mentioned but along with
it two diffused and asymmetrical frequency depen-
dent peaks could be good visible on C-V curves for
both types of the investigated structures with and
without QDs layer inside.
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Fig. 4. C-V characteristics taken between Gate and
Source for the differential capacitance measured on dif-
ferent frequencies for the structures with (a) and without
(b) QDs layer under the Gate.

The same conclusion can be done on the ground
of the analysis of frequency dependence of C-V
characteristics. The magnitudes of frequencies when
filling process of QDs can not follow for alternative
testing signal reach the same values 10—20 kHz that
in the paper where frequency dependences of nega-
tive differential capacitance for the Schottky diod
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with QDs built-in space charge region was studied
in detail [3—5]. The fragments of C-V curves ob-
tained taken at different frequency of alternative
testing signal for the samples with QDs under the
Gate area are shown on Fig. 5.
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Fig. 5. Scaled-up fragments of C-V curves for the nega-

tive U taken at different frequency of testing signals for

the FET structures with QDs layer.

It is followed from Fig.5 that partition of C-V
curves taken at negative voltage U ;¢ have two points
of kinking suppose to be connected with two quan-
tum levels (lowest and second one) of QDs|[7—8].
At more then -1,5—1,75 V applied voltage U all
quantum levels in QDs are totally discharged then
capacitance essentially decreased almost to zero
because charge inside the structure are missed. It
should be noted that this value of applied voltage
U, is exactly equal to the threshold voltage when
2-D gas channel becomes off (See Fig.3).

The investigation of the transmission coefficient
on the alternative current were performed to deter-
mine the limiting rate of recharging processes in
QDs. It should be mentioned that modulation of
the conductivity of 2-D gas channel in our case can
be able on the frequency when charge in QDs can
follow for the changing of testing signal applied to
the Gate.

To perform such kind of investigation the sepa-
rate experimental setup was used. The main parts
of this setup were the generator of periodic signals
with different frequency and selective amplifier.
Both of these devices could be smoothly adjust in
wide enough range of frequency. The testing signal
could be applied to the structure in the background
of definite offset voltage applied between Gate and
Source which was determined the position of qua-
si Fermi level concerning to the quantum level of

QDs. The block-scheme of this setup is presented
on the Fig.7.

Vp=+0,1V ¢
SELECTIVE OSCILLOSCOPE
AMLIFIER &COMPUTER

D

1>00)

° ]

AC+DC
V.=0,05

v

Fig. 6. Block-scheme of the setup for the frequency de-
pendences of transmission coefficient investigation.

The selective amplifier could be switched to cal-
ibrated mode with definite coefficient of amplifica-
tion. Then the signal from output of the selective
amplifier was treated by analog-digital converter of
the computer.

All measurements are carried out with amplitude
50 mV of testing signal for several frequencies from
1 kHz to 150 kHz and presented on Fig.7.

0

= 0,8

5

> 07

w

1=

= 06

ﬁ ' o 1kHz

= o054 —— 10 kHz

c ’ —— 100 KHz

S 04 —— 150 kHz

S ~

o i

g o3 \

=

8 024

7]

b

£ 014

(%]

< Sy

I: 0,0 T T T T T T T
5 4 3 2 1 0

u,Vv

Gs’

Fig. 7. The dependence of transmission coefficient from
the offset voltage applied to the Gate U taken at differ-
ent frequency of testing signal.

Fig.7 explicitly demonstrates that transmission
coefficient becomes equal zero when offset voltage
U applied to the Gate achieves -2.0 V when (as it
was clear shown from experiments with threshold
voltage for U ) 2-D gas channel becomes switched
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off. In the meantime at the offset voltage U about
-1 V the max of transmission coefficient was clear-
ly revealed. This value of the offset voltage corre-
sponding to the position of the second peak in C-V
curves when the recharging process of lowest level
in QDs supposed to be occurred. As it is clear from
Fig.7 the transmission coefficient measured under
these conditions was essentially frequency depen-
dent as well. But this time the recharging process
in QDs and connected with it modulation of 2-D
gas channel conductivity demonstrates more weak
frequency dependence then in C-V measurements.
To explain that the participants of higher QDs levels
with considerably short time of recharging process
can be naturally assumed. Very fortunately at room
temperature we can observe only some average re-
sults corresponding to the wide enough distribution
function. In the meantime the max of transmission
coefficient can be relatively clear visible at definite
value of applied voltage U .

Conclusion

Electrical charge accumulated in InAs QDs
layer placed close to the 2-D gas channel with
high electron mobility on the boundary of het-
erojunction GaAs/AlGaAs in FET structures
causes the essential modulation of their conduc-
tivity. The existence of QDs layer in FET struc-
tures is notably shift in negative value (-2 V) the
threshold voltage applied to the Gate to open
the channel. The QDs layer under the Gate area
of the FET structures can essentially influence
on the differential capacitance measured be-
tween Gate and Source. There are several peaks
of differential capacitance caused by QDs layer
existence clearly observed at room temperature.
The limitation of the recharging rate of the QDs
is the main reason of frequency dependences of
differential capacitance at small negative (less
then -2 V) when modulation of channel con-
ductivity caused by charge accumulation in QDs
layer. The transmission coefficient in this case
for the FET structures demonstrated the specific
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maximum at -1 V depending from voltage ap-
plied to the Gate.
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