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This communication reports on the results of experimental studies of electrolumi-
nescence (EL) of forward-biased Schottky barrier diodes fabricated on heterostructures
where a layer of InAs/GaAs quantum dots (QDs) capped with a thin combined In-
GaAs/GaAs layer had been placed into the space charge region. EL coming from both
the QD’s and the quantum well (InGaAs layer cladding the dots) was observed at tem-
peratures up to 300K. Heterostructures with Au Schottky barrier show more pronounced
EL from several confined exciton states in InAs QDs at 300K compared to 77K. The
experimental results show the important role of carbon 8-layer placed inside the GaAs
between the interface and the QD layer. Only samples containing such a layer showed
QD EL at room temperature. The use of the InGaAs/GaAs cladding/capping layer con-
taining a d-layer of carbon has permitted us to rich 1.48 pm emission wavelength at
300K.

1. Introduction

Schottky barrier (SB) can serve as a light source, in spite of the fact that usually it is
a monopolar device [1-3]. In the 60s and 70s, a number of works dedicated to luminescent
properties of SB’s based on II-VI and III-V semiconductors were published. The main
drawback of a SB as an emitting device is its low quantum efficiency owing to a low in-
jection level of minority charge carriers. This is the main reason why these works have
not been developed further. However, the basic concepts of the possible EL mechanism in
SB’s were established, and the ways for increasing the quantum efficiency were deter-
mined. One of the most questionable issues related to this problem is where the minority
carriers necessary for the radiative recombination come from. The existing points of view
to this problem are that the minor carriers appear either (i) from the metal owing to an
Auger process [1], or (ii) by tunneling from the metal if there is an oxide layer and the
Fermi level matches the top of the valence band in the semiconductor [2], or (iii) just mi-
grate from an inversion layer in the semiconductor [3]. The first two mechanisms were
proposed for SB’s on bulk crystalline semiconductors, e.g. for Au/ZnSe or Au/GaP struc-
tures, and for EL in the visible. The last one was used to explain EL of InGaAs/GaAs
quantum well (QW) heterostructures (HS's).

In the resent years, the development of optoelectronic devices emitting in the 1.3-
1.55um wavelength region became an important technological problem. Self-assembled
quantum dot (QD) arrays are promising candidate for the emitting region material. There
exists a large body of publications devoted to QD-based light emitting diodes and lasers
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for the wavelengths near 1.3um. The possibility of fabrication of a 1.5um laser is less
clear, while incoherent light sources operating at this wavelength seem to be more feasible
and are also interesting from the application point of view.

Some recent publications [4] have reported on the observation of an up to 1.7 pm
photoluminescence (PL) from QD HS’s. This high value of the PL wavelength was ob-
tained thanks to a decrease of the elastic strain in the QDs. It was achieved by application
of a thin combined InGaAs/GaAs covering layer, which was probably strained. Such a HS
combines the advantages of near-surface QD’s having relatively small (0.8-0.9¢V) energy
of the lowest electron-hole transition (LEHT), and of those placed deeper in the GaAs ma-
trix, possessing a high PL intensity. Unfortunately, QD HS’s with thin covering layer are
unsuitable for fabrication of conventional lasers or light emitting diodes with p-n junction.
On the other hand, because of the strain, QD’s located far from the surface have higher
(approximately by 0.2 eV) LEHT energies and, consequently, lower radiation wave-
lengths. In the view of these difficulties, development of a light-emitting Schottky diode
based on a HS containing a QD layer in the space charge region seems to be a promising
solution of the problem of obtaining electroluminescent radiation near 1.55um. Besides,
Schottky diode is easier to fabricate compared to lasers and light emitting diodes with p-n
junction, which makes it promising for applications in integral and waveguide optics.

As mentioned above, EL from SB based on a HS with InGaAs/GaAs QW has been
observed earlier [1], but only at low temperatures (below 100 K). In the present paper, we
report the results of our studies of the EL from Au Schottky contacts to QD/QW HSs.
This luminescence is found to be more robust than that observed in [1] in the sense that it
persists up to room temperature. Moreover, owing to deeper confinement potential in QDs
compared to QWs, it has been possible to achieve longer emission wavelengths. We will
discuss the features of this EL and the ways of increasing the quantum efficiency and op-
eration temperature, as well as the possibilities to attain the wavelengths required for fiber
optic communication systems.

2. Experimental

InAs/GaAs QD heterostructures were grown by Atmospheric Pressure Metal Organic
Vapor Phase Epitaxy (AP MOVPE) [4]. These structures include a thin double cladding
layer consisting of an In,Ga; ,As QW and a thin exterior GaAs layer, in order to reduce
the elastic strain in the QDs and decrease the LEHT energy [5]. These InAs/GaAs QD
HSs have high PL yield at room temperature in the wavelength band up to 1.7 um, with
the emission linewidth of 30 meV.

The structures were grown on (001) semi-insulating GaAs. The n-GaAs buffer layer
(~0.6um thick) was grown at 600 - 650°C. It was doped with Si in order to make it con-
ductive for the EL measurements. Then the growth temperature was reduced down to 520°
C before InAs deposition. Thrymethyl-indium and arsine were introduced into the reactor
separately in an alternating way for 6 and 4 seconds, respectively, in each cycle, with 4-
second pauses between the cycles. The total number of cycles was up to 10. The InAs
layer nominal thickness was ~ 1.5 nm. In order to increase the QD uniformity, the InAs
layer was doped with bismuth during the deposition. Then the QDs were covered with an

85



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

In,Ga;As QW layer (x = 0.2 + 0.3, the QW thickness L =2 + 3 nm) at 520° C and finally
with a 12 - 40 nm exterior GaAs layer.

For some HS’s, the InGaAs surface was annealed in a flow of carbon tetrachloride at
temperatures 520-580°C. Such a treatment has double action. First, it leads to creation of
an acceptor carbon -layer (with hole concentration (1-7)-10'> cm™. Usually the acceptor
density is higher if growth temperature is lower). Secondly, and especially at higher tem-
perature, the carbon tetrachloride effectively etches the excess of InAs on the surface. As
it was established earlier [6], such a treatment deletes the InAs dislocated clusters and
smoothens the surface after the subsequent overgrowth by GaAs. After such a treatment,
the PL intensity from the QD layer usually increases.
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15 nm GahAs caphyer l -
3 mn InGaAscladding hyer |

n-GaAslayer r
(Si-doping) "

Fig.1.
" substrate Schematic cross-sectional view of the sample
¥ ¥ ¥ | Ohmic contact and potential energy diagram for a forward biased
hw Au-InAs/GaAs QD/QW HS. The dashed line in the

cross-section indicates carbon §-layer, which pro-
duces the perturbation of the band energies between
the QD/QW dip and the interface.

The schematic of the epitaxially grown structures is shown in Fig.1. SBs were fabri-
cated by thermal evaporation of metal (Au) through a mask. They had 0.5 mm in diame-
ter. In order to avoid defect formation on the semiconductor surface during the metal
deposition, a thin tunnel-size (5 nm) anode oxide was overgrown on some of the samples
prior to the contact fabrication.

We measured current-voltage characteristics and electro and photoluminescence of
the structures. The emission was collected from sample’s backside applying a 200 Hz
modulated forward bias. Along with the EL, PL measurements were performed at 77 and
300 K under argon laser excitation.

3. Results and discussion

Electrical properties of the SB’s. Current-voltage characteristics of the SB struc-
tures without carbon d-layer were found to follow the standard exponential law. When
plotted in the log / vs 7 coordinates, the straight line extended for 4 or 5 orders of magni-
tude. Therefore the standard model of the thermoelectronic emission was used to estimate
the SB height (). Usually Au-GaAs SBs have the barrier height ¢,=0.91 ¢V and the
non-ideality factor n =1,03. The introduction of the quantum-size layer into the space
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charge region of GaAs was found to decrease ¢, down to 0.83 and 0.55 eV for QD and
QW HS’s, respectively, and to increase n (up to 1.21 and 1.56, accordingly). Formation of
the oxide layer on the metal/HS interface resulted in an increase of the barrier height by
some 100-120 meV, and in a slight reduction of the non-ideality factor.

If the presence of the acceptor d-layer, we found n > 2. Probably it is due to the ap-
pearance of an additional barrier for electrons and a potential well for holes. The parame-
ters of the current-voltage
characteristics obtained in
this case differ considera-
bly from those for HS’s
with QDs included into p-n
junction, where the p-layer
was also doped with carbon
[6].

Photoluminescense.
The PL spectra (presented
in Fig.2) show several
bands related to the elec-
tron-hole transitions in the

InAs QDs and InGaAs 0,8 0,9 1,0 1:1 1,2 1,3
cladding layer QW. The in- hu, eV

tensity of the InAs band

(situated at lower energies) Fig. 2.

is higher than that corre-
sponding to the QW. How- The photoluminescence spectra of QDs heterostruc-

cver, it should be noticed tures measured at 300K (1) n77K (2)

their intensity ratio depends
on the measurement temperature. At 300 K the intensity ratio is nearly 10 times higher
than at 77 K. The QD-related band shows several peaks corresponding to different elec-
tron-hole transitions.

Electroluminescence. The EL spectra are shown in Fig.3 for two temperatures and
different values of the injection current. They also have features related to the LEHT and
recombination of the first excited exciton state in QDs. However, the QD/QW emission
intensity ratio is the opposite to the case of the PL. For most of the samples, the EL
intensity from the QW was 10-100 times higher comparing to that from the QD layer (at
77K). The intensity ratio was found to correlate with the difference in the positions of the
QD and QW-related bands. When this difference decreases, the relative intensity of the
QW EL increases. EL at 77K was observed independently of the presence of the d-layer
in the structure.

On the contrary, the 8-layer is essential for obtaining EL from QD’s at 300K (see
Fig.3a). Samples with carbon d-layer show strong EL from the QD layer, which usually
exceeds the EL from the QW, just like in the case of photoluminescence. The EL intensity
related to the QD electronic states increases linearly with the increasing of the pump
current.
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The oxide layer placed between the semiconductor and the metal the QD’s was also
found to strongly enhance the QD EL. The role of this oxide layer probably consists in the
prevention of defect formation near GaAs surface during the metal deposition. This
should lead to a decrease of the surface recombination rate.

The reason for the difference beetween the temperature dependences of the QD and

25 T T T T T 15

EL intensity, arb.un.
EL intensity, arb.un.

Fig.3.

EL spectra of a SB fabricated on a QD HS with carbon 8-layer, measured at
300K (a) and 77 K (b) for several different values of the injection current:
1-10mA, 2 - 15mA, 3-20 mA, 4 - 30 mA.

the QW luminescence intensity is most likely related to the different probability of
thermo-activated escape of electrons from the localized levels in the QW and QDs layers.
At low temperatures, the EL intensity from the QW is higher because of the higher sheet
density of electronic states in the QW. When increasing the measurement temperature, the
thermal quenching of the QW EL comes about (ariound 100K, as it was shown in [1]).
Since QDs have deeper confinement potential, their emission does not show significant
thermal quenching. As a result, the QD EL becomes higher compared to the QW one at
higher measurement temperatures. However, according the potential barrier for the
electrons in the QD’s must be sufficiently high. We found a considerable difference in the
EL intensity for QD’s with LEHT energies 0.86 and 1.1eV.

Tuning of the EL wavelength. The EL spectra presented in Fig.4 were recorded at
300 K for SB’s on HS’s with different thickness of the InGaAs/GaAs capping layer, from

88



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

which it can be seen that changing the thickness of this layer allows for tuning of the ra-
diation wavelength. However, despite the fact that, for similar HS’s, PL from the QD
layer can go up to 1.7um, the highest EL wavelength measured for the corresponding SB
does not exceed 1.48um (Fig.4, curve 3). For this particular sample, the thickness of the
capping layer was 12 nm. Further decrease of the thickness leads to diminishing of the EL
intensity.

Mechanism of an EL. Let us consider the possible mechanims of hole injection into
the HS from the metal, based on the band diagram presented in Fig.1. Although the room
temperature EL from QDs is only observed for the structures with acceptor 8-layer, it
probably plays only an auxiliary role, because the EL is observed at 77K even without
such a layer. Direct thermo-activated jumps of holes from the Fermi level in the metal to
the semiconductor valence band are improbable because of the high energy barrier (0.5-
0.7eV) from the metal side. If such a mechanism were efficient, we should expect a strong
decreasing temperature dependence of the QD EL, which was not observed in our ex-
periments (moreover, we found an opposite tendency for the samples with carbon 8-
layer). It seems plausible that holes are supplied from the metal where they are created
owing to Auger-type processes. Electrons, which are injected into the metal contact, have
energy much higher than the Fermi level. They can release the energy excess by creating a
hole deep below the Fermi level. Such a hole can penetrate the semiconductor without
climbing the barrier.

The role of the carbon §-layer placed at a tunneling-possible distance from the QD
layer may be twofold. First, it creates an additional potential well preventing the holes
reaching the QD layer from drift towards the interface, where they disappear either via
surface recombination or by returning back to the metal. Another mechanism is eventual
resonant tunneling of the holes
from the metal to the QD/QW
states through the &-layer states.
Both effects facilitate hole trans-
port to the QD/QW layer, where
they recombine occurs with elec-
trons, which are in transit to the
metal contact and can be captured
into the QD/QW layer confined
states. However, further studies are
necessary to obtain clear evidence

I, arb.un.

1058 0.9 1.0 of the mechanisms suggested
ho, eV above.
. 4. Conclusion
Fig. 4. o
EL spectra (300K) for several SB’s on HS's We demonst.rated. that it is
with different capping layer thickness: | POssible to obtain sizable elec-
1-20nm, 2 - 16 nm, 3 - 12nm. troluminescence from a forward-

biased Schottky diode fabricated
on a quantum size InAs/InGaAs/GaAs heterostructure, which can therefore be used as a
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light-emitting device for the 1.3-1.5um spectral range. An essential feature of the device
is the situation of the QD array in the space charge region of the Au Schottky barrier. Our
studies showed that the presence of carbon 4-layer just above the QD layer is necessary
for obtaining EL at room temperature. The EL wavelength can be tuned, within certain
limits, by changing the thickness of the combined GaAs/InGaAs capping layer.
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OCHOBHbIEe 3aKOHOMEPHOCTM INEKTPOSNTFOMUHECLIEHLIMM B Anana3oHe
1.3-1.5 mkm guopos LLoTTkM Ha ocHoBe Au-KBaHTOBO-Pa3MepHbIX
reTepocTpykTyp In(Ga)As/GaAs
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Omnucansl pe3ybTaThl SKCIEPHUMEHTAILHOIO H3YyYEHHs 3JIEKTPOIIOMUHECLEHIINH
(3JI) mpssMocMeIeHHBIX 11H010B 1II0TTKH, N3rOTOBICHHEIX HA OCHOBE I€TEPOCTPYKTYD,
B KOTOPBIX cJ0i kBaHTOBBIX Touek (KT) InAs, MOKPEITHIH TOHKHM KOMOWHHPOBAaHHBIM
noKpoBHEIM ciioeM InGaAs/GaAs, oMenieH B 001aCTh IPOCTPAHCTBEHHOIO 3apsja 110-
BepxHOCTHOro Oapbepa. DJI Habmogaercs BuoTh a0 Temmeparypsl 300K kak ot KT,
Tak U OT KBaHTOBOH sMBI (cioi InGaAs, nmokpsiBatouii TOYKH). ['eTepocTpyKTyphl ©
30510TBIM OaprepoM LloTTkH nMeroT Gosnee BeipaxkeHHYI0 DJI OT HECKOIBKUX IKCUTOH-
seIX coctossHuid KT mpu 300K B cpaBrenuu ¢ 77K. Heo0XoquMbIM yCII0BHEM TT0JTyYe-
Hust DJI npu 300K sBisieTcst HaTMYKMe aKIENTOPHOTO 8-CII0s YIiIepo/ia MeX 1y TpaHuLei
pasznena MetamI-nonynpoBogHuk u cioeM KT. Tonpko Ha oOpasnax, comepikamux Ta-
kue ciou, Habmoaanacs DJI ot cnos KT npu komHaTHOM Temnepatype. Vcnoabp3oBanue
TOHKOTO0 KOMOMHHPOBaHHOTO MOKpoBHOTO cios InGaAs/GaAs u 6-ciost yriaepoja Ho-
3BOJIMJIO JIOCTHYb JUTMHBI BOJIHBI M3Ty4eHus 1,48 MKM.

1. Beeoenue

Bapoep IlotTku (BL) MOXET CIIy’KHTh HCTOYHUKOM CBETa, HECMOTPS HA TO, YTO OH
OOBIYHO SABJSETCS YHHUIIOJSPHBIM mpudopom [1-3]. B 60-70-e roasl Obl1 omyOnaMKoBaH
psix padoT, MOCBAIICHHBIX TIOMHHECHIEHTHBIM cBo¥cTBaM BIII Ha OCHOBE MOITYTIPOBOIHH-
koB A’B® n A’B°. T'masueM Henoctatkom BIII, kax M3IyYalomero npubopa, sBIsAeTCs
HeOobIIas KBaHTOBAsE 3(P(EKTUBHOCTh BCIEACTBHE HHU3KOTO YPOBHS HHKEKIMU HEOC-
HOBHBIX HOCHTEJIeH 3apsiia. DTH UCCIIE0BaHMs B JaJbHEHIIEM HE MONTyYIIN 3HAUUTENb-
Horo pa3Butsi. OHaKo B HUX OBUIM BBIPAOOTAHBI OCHOBHBIE KOHIIEIIINH, KacaIOIIHecs
BO3MOJKHBIX MEXaHHM3MOB IeKTpostoMuHecteHnu (DJI), 1 onpeneneHs! mMyTH Uil HO-
BBILICHHS] YPOBHS MH)KEKLIUM HEOCHOBHBIX HOCHTeleH 3apsna. OTHUM U3 OCHOBHBIX JTHC-
KyCCHOHHBIX BOIPOCOB SIBIISIETCS BOIPOC O MEXAHU3ME MH)KEKIIMH HEOCHOBHBIX HOCUTE-
neit 3apsna B 6apbepe loTTkH, HEOOXOMUMBIX A W3TydaTeabHON pekomOuHarmu. Cy-
LIECTBYIOLINE HAM M3BECTHbIE TOUKHU 3PEHMS 3aKII04aloTcs B cienymomem. B coyyae BII
JUTSL TIOJTYTIPOBOIHHKA N-TUIA MIPOBOJUMOCTH (KaK y HAC) IBIPKH IPU MPSIMOM CMEIIECHUN
@) UIKEKTUPYIOTCS B BAJICHTHYIO 30HY B pe3yisbraTe Oke-peKOMOHWHAINN B METaJlIe ro-
PSIYHX 2JIEKTPOHOB, SMUTTUPOBAHHBIX depe3 Oaprep LlorTku [1], 6) TyHHENIUPYIOT N3 Me-
TaJUla IPH HAJIMYHK [IPOMEKYTOYHOIO CJOsI OKMCIa, Korna ypoBeHb depmu B Meraiuie
CPaBHMBAETCS WM CTAHOBUTCS HIDKE Kpas BaJICHTHOH 30HBI IIOJIyNIPOBOIHMKA [2],
6) 1ubPyHIUPYIOT U3 UHBEPCHOHHOTO cj1osl mojynpoBoanuka [3]. [Tepsrie qBa MexaHu3-
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Ma ObumH TipersioxkeHsl npu uccnenoBanuu OJ1 Bl B 00beMHBIX MOHOKPHCTAIITHIECKHX
nmoynpoBogHuKax Au/ZnSe u Au/GaP B BuanMoM nuamna3one cBera. Tperuit — s o0b-
SICHEHHS dJIeKTpomomMuHecieHImy bH Ha ocHOBE TeTepocTpyKTyphl ¢ KBAaHTOBOH SIMOM
K4 InGaAs/GaAs.

B Hacrosimiee BpeMsi BaXKHYIO POJb HPHOOpeTaeT pa3padoTKa ONTOIIEKTPOHHBIX
npuOOpOB, M3TydYAOIMX B MHTepBane AauH BoiH 1,3-1,55 MkMm. B kadecTBe akTHBHOI
00J1aCTH MEePCIEeKTUBHBIM KaHAUIATOM SIBISIETCSI MACCHB CaMOOPTaHM30BAHHBIX KBAHTO-
BbIX Touek (KT). K HacrosmeMy BpeMeHH M3BECTHBI OOJBIINE YCIEXH B M3TOTOBJICHUH
na3epHsIx anooB Ha KT ¢ anMHOI BOHBI M3ITydYeHHs BIUIOTH A0 1,3 MKM, HO II€PCIIEKTH-
Ba CO3J]aHMs J1a3epoB Ha 1,5 MKM ocTaeTcsi 10 CUX IOp HesiCHOH. MexIy TeM, HCTOUHUKU
HEKOTEPEHTHOT0 HM3IIydeHHs, 110 CPAaBHEHHIO C Ja3epaMH, MOTYT MMETh IPEANOYTCHHUE
IUTSL psifia IPUMEHEHHH OIITOAIEKTPOHUKH.

HenaBHue myGuukanuy CBHIECTENBCTBYIOT O BO3MOXKHOCTH IOJIy9eHHs (DOTOIIOMH-
HecueHuuu (OJI) ot maccusa KT Brnots 10 1,7 MM [4]. Bonblias [ulnHa BOJHBL B 3TUX
CTPYKTypax oOycCJIOBJIE€Ha CHYDKeHHeM ynpyrux HampspbkeHudl B KT, uto mocruraercs
MpUMeHeHHeM TOHKOro (7-20 HM) KOMOWHHPOBAHHOTO U, IO-BUAMMOMY, YIPYro-
HaNpsHKEHHOTo MOKpoBHOTo ciosi InGaAs/GaAs. B Takux cTpyKTypax COBMEIIEHO 10C-
TonHCTBO moBepxHOCTHBIX KT ¢ Hu3koii sueprueit (0,8-0,9 5B) 0CHOBHOTO 35IEKTPOHHO-
JBIPOYHOTO TIEpexXofa W OOBEMHBIX, HMEIOIINX BBICOKYI0 mHTeHCHBHOCTH PDJI. OmHako
CTPYKTYPBI ¢ IpunoBepXHOCTHEIMU KT Henb3st MpUMEHUTH I CO3AaHMsI OOBIYHOTO THIIA
MOJTYTIPOBOAHHKOBOTO JIa3epa MIIM CBETOM3IIYJaIOIIEero AUO0AA C P-N IepexoJioM, T.K. B Ta-
kux guomax KT pacnonararorcs B o0beMe IOJIyNPOBOAHUKA M, OyIydd YIIpyro-
HaNpsHKEHHBIMU, UMEIOT mpuMepHo Ha 0,2 3B (~ 1,0-1,1 5B) Gonblryio SHEPrUI0 OCHOB-
HOTO Mepexojia U, ClIe0BaTeIbHO, MEHBIIYIO JUIMHY BOJIHBI M3JTydeHHUs. B cBs3u ¢ 3TUM
o0cToATENLCTBOM co31aHue Oappepa ILIOTTKM Ha OCHOBE TeTEPOCTPYKTYpPBI C IIPHUIIO-
BepXHOCTHBIM cioeM KT oTKpBIBaeT HOBYIO BO3MOXKHOCTh HOJTyIEHHS IIEKTPOIIIOMHUHEC-
LeHTHOrO m3nmydeHus BOmm3n 1,55 mxm. Kpome Toro, BII sBisercs Gonee mpocTeIM B
CPaBHEHHMH C Jla3epaMH ¥ CBETOM3IIYYAIOIUMHU JHOJAMH IOTYIPOBOAHUKOBEIM IIPHOO-
POM, UTO JiesIaeT BO3MOXKHEIM €0 IIPUMEHEHNE B HHTETPAILHOM 1 BOJTHOBOJIHOM ONTHKE.

B neuatu coobimanock 0 monydeHnu HuskotemneparypHoit (1o 100 K) snekrposto-
munecuenin (DJI) or BIII Ha ocHOBe rerepocTpyKTyphl ¢ KBaHTOBOW simoit (KST)
InGaAs/GaAs [3]. B nacrosmieii pabore s noiaydenust DJ1 B kauecTBe aKTUBHOT'O CJIOS
npuMensuch KT. brarogapst rimy6okoro orpaHMYMBAaIOIIEMY MOTEHIMAy OHH HUMEIOT
IpenMyIecTBa B cpaBHeHHH ¢ KSI, MOCKoIpKy BO3MOXKHO MOTyYeHUE JITMHHOBOIHOBOTO
M3ITy4eHNUs U BBICOKUX paboumx Temmepatyp. Llenm HacTosmiel paboThl 3aKII0YAOTCS B
HCCIIEI0OBAaHUN OCHOBHBIX 3akoHOMepHocTed DJI B mnonax IIIoTTky Ha OCHOBE KBaHTOBO-
pa3MepHBIX TeTePOCTPYKTYP, IOUCKE ITyTeH IOBBIIIEHHUS UX KBAaHTOBOH 3(dexTuBHOCTH
u paboyeil TeMIepaTyphl, a TAKXKe JOCTIDKCHUH aKTyaJbHOM JUIsl BOJIOKOHHO-ONTHYECKHX
JIMHUH CBSI3W JUTMHBI BOJIHBI H3JTyUCHUSL.

2. Memoouka 3xcnepumenma

BripamuBanue reTepocTpyKTyp. Mcciienyemble aMUTakCcHanbHbIe CTPYKTYPBI BBI-
paummBaiy MetogoM MOC-ruApHIHON SIHMTAKCUH IPH aTMOC(EPHOM JaBJIECHHU Ha MOJ-
JIO’KKAX MOMyH3onupyromero win n' -GaAs (100). B kauecTBe HCTOYHHKOB HCTIOIB30BATH
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tpuMeTmwirawmid (TMI'), tpumerunuaauii (TMU) u apcun. Kantossie Touku InAs dop-
MupoBain Ha OydepHoM cioe n-GaAs myTeM moodepenHoi momaun B peakrop TMU u
apcuHa IpH TeMIepaType 520°C. Juis moBbIeHuss ogHOpoaHOCTH pasmepoB KT Obuin
JIETHPOBAHBI H30BaJIEHTHOU puMechio Bi B mponecce pocta [5]. KT 3apamuBanyu TOHKEM
(3 um) cioem InGaAs, 3atem cinoem GaAs (12-40 HM). B HEKOTOpPBIX CTPYKTypax IMo-
BepxHOCTh KA sKkcrionupoBanu B moroke terpaxiopuna yriaepoga CCly npu temmepary-
pax 520, 580°C. Takas ob6pa6orka In(Ga)As npu Hu3KOil Temmeparype pocra 520°C mo-
3BOJISIET CO3/aBaTh AKIENTOPHBIN O-CIOH yriepoja ¢ KOHLEHTpanueH IBIPOK (1—7)~1012
cM ™%, 3aBucsel OT KonudecTsa moxaaemoro B peakrop CCly [6]. TIpu 580°C Terpaxio-
pun yriuepozaa 3pdexTrBHO cTpaBiauBaeT u3dbITouHbIN InAs ¢ moBepxHoctu pocra Ki, a
TaKKe TMO3BONISET yIalsTh AUCIOLMPOBAHHBIE KIacTephl InAs, BBICTyMarolue HaJ TOH-
KHM TOKpoBHBIM cioeM InGaAs u, mocie nanpHeimero HapamuBanusi GaAs, IOTydUTh
IIIaJKyI0 MOBEPXHOCTh MOKPOBHOTO cosi. CxeMa reTepocTpyKTyphl IpHUBEIeHA Ha puc. 1.
BII nuamerpom 0,5 MM popMHpOBany TEPMHIECKHM HAIbLUICHHEM IUICHKH 30JI0Ta B Ba-
KyyMe uepe3 MackKy.

V3mepeHbl BobTaMIIEpHBIE XapaKTepUCTUKH OapbepoB IIIOTTKH, CIIEKTphI MHXKEK-
nuoHHOH OJI npu nmpunojxeHuu NpsAMOro MoayjauposaHHoro ¢ yactoroit 200 I'n Hanps-
xenns 1 OJI. Uznydenne cobupanocs ¢ 00paTHOW CTOPOHBI MJIM C MOBEPXHOCTH 00Opas-
1oB. M3mepenus npoBoauanck npu temneparypax 77 u 300 K.

3. Pe3ynomamol u oocyscoenue

Jaexkrpodpuzndeckne xapaxkrepuctuku BII. BonbpT-ammepHsie XapaKTepHUCTHKH
BIII x KBaHTOBO-pa3MEpHBIM CTPYKTypaMm 0e3 O-ClIosl MOJYHHSUIUCH JKCIIOHEHIHANBHOM
3aBucuMocty J-V. JluneiHplii yqacTok B KoopauHartax lg J-V umen npoTsxeHHOCTh 4-5
MOPSAKOB, MOATOMY IS pacuyera BbICOTHI Oaprepa IIOTTKM @, MCHONB30BaNIM MOJEIb
TEPMOAJICKTPOHHOM dMuccuu. CpaBHEHHE 3HaUEHUH ¢, U 7 nosydeHHbIX Bl ¢ mapamer-
pamu BII Au/GaAs k snuTtakcuansHoMy ciioro GaAs (¢, =0,91 B; n=1,03) moka3biBaer,
yro BBenenue ciost KT B OI13 6apbepa [LIoTTKkH NPHBOAUT K YMEHBIICHHIO @y, 10 0,55 3B
u yBenuueHnuto n 1o 1,56. Hanecenue ToHKOro (5 HM) aHOJHOTO OKHMCIIAa Ha MOBEPXHOCTh
reTepoOCTPYKTYp MPUBOAUT K MOBHILIeHHIO Y dexTnBHOrO 6apbepa Ha 100-120 M3B u He-
CKOJIBKO yMEHbIIAeT KO3 (OULHUCHT HAeaTbHOCTH.

IIpy HamuMuuKM akKHENTOPHOro O-Closl yriiepoAa B MOKPOBHOM CIIO€ Ha TpaHHLE
GaAs/InGaAs #n>2, 4To, BEepOATHO, CBS3aHO C M3MEHEHHEM MeEXaHHM3Ma TOKOIIEpeHOca,
00yCJIOBICHHOTO MOSBICHUEM JOMOJHUTEIBHOTO Oapbepa IS dIEKTPOHOB M MOTEHIIH-
aJbHOM sIMBI ISl IbIpok. OJHAKO CiieyeT OTMEeTHTbh, 4TO napamerpsl BAX B naHHOM
cilydae oTInM4aroTcst oT BAX rerepocTpyKTyp ¢ p-n epexomoM, Tae p-CIIoH TakxKe JerH-
poBaH yrieponaom [6].

®otomomunecnenmus. Ha cnexkrpax ®JI npu 77 u 300 K (puc.2) naGmoparorcs
II0JIOCHI, CBSI3aHHBIE C 3JeKTPOHHO-AbIpouHbIME HepexogaMu KT InAs u KA InGaAs no-
kpoBHoro cinosi. Marencusnocts @JI KT Briie B cpaBrenun ¢ OJI K, ognako konuue-
CTBEHHOE PA3JIM4YKe 3aBUCHUT OT TemIlepaTypbl n3Mepenuid: npu 300 K otHomeHne nHTeH-
cuBHoctedt KT u K B 10 pa3 Beime, wem mpu 77 K (cp. kp. 1 u 2).

JaekTpoaoMuHecueHnus. Ha puc.3 mokaszaHbl ceKTpsl HHKeKIHOHHONW DJI mpu
IIBYX TeMIepaTypax U3MEpeHHI U pa3HbIX HHXKEKIMOHHBIX ToKaX. B ormune ot OJI npu
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77 K nabmromaercss oOpaTHOE OTHOLICHHWE WHTEHCHBHOCTEH MpPAKTHYECKH JJIS BCeX 00-
pasuos: uareHcuBHOCTH DJI 0T KS InGaAs B 10-100 pa3 (puc.30) nmpeBbImacT HHTEHCHB-
Hoctb OJI or cnos KT. OTHoIIEeHHEe MHTEHCUBHOCTEN NPU 3TOM KOPPEJIHUPYET C pa3Ho-
CTBIO MEX/y ITOJIOKEHUSIMHA TTNKOB, cBsi3aHHbIX ¢ K u KT. Ilpu ee ymMeHbIIEHUH OTHOCH-
tensHBIA BKIag KA Bospactaer. DJI mpu 77 K mabmromaercs kak B oOpasnax ¢ 8-cioem,
Tak 1 0e3 Hero.

Jlnst nonmyuenus 3ametHo BenuuuHbl JJI ot cios KT npu komMHaTHOH Temmeparype
HE0OXOJMMO HAJIMUHE aKIEITOPHOTO 3-CJIoS yriiepoa B MokpoBHOM cioe GaAs. B atux
CTpyKTypax, kak u B crekrpax ®JI, unrencuBnocts DJI ot cnos KT npesbiiaer nHTEH-
cuBHOCTh OT KJI, B 3aBHCHMMOCTH OT mapamMeTpoB HOKPOBHOTO ciios, oT 2 1o 20 pa3
(puc.3a). [lomenienne TOHKOTO (5 HM) CIIOSI aHOIHOTO OKHCJIA MEXKIY MOIYIPOBOIHUKOM
¥ MeTaJuIoM OOBIYHO ynydmnaeT HHTeHCHBHOCTH JJI ot cimos KT B Heckonmbko pa3. Poib
OKCHTHOTO IIPOMEKYTOTHOTO CJIOSI, BEPOSITHO, COCTOUT B CHIDKEHHH CKOPOCTH MOBEPXHO-
CTHOH peKOMOMHAIIMY BCIEACTBHE 3aMEHBI TPAHUIIBI C METAJUIOM Ha IPaHUILy C aHOIHBIM
OKHCIIOM.

IMpyurHa pa3anuust MEXAy TeMIepaTypHBIMU 3aBUCHMOCTSIMH MHTEHCHBHOCTEH DJI
cinoeB KT u K1, no-Buanmomy, KpoeTcsi B pa3HON BEpPOSTHOCTH TEPMHUYECKOTO BHIOpOCca
HOCUTEJeH 3apsaia U3 PHEPreTHYeCKUX ypOBHEH pa3MepHOro kBaHToBaHMsA. IIpu Hu3KOM
TeMIlepaType CKOpPOCTh M3ITyuyaTellbHOW pekoMOMHanuu uepe3 ypoBHH K5I BhIe Benen-
cTBHE OoJiee BBICOKOW IMOBEPXHOCTHOH KOHLIEHTPALUH JIEKTPOHHBIX COCTOSHHH B HEHl.
[Ipu yBenuyeHWn TemIiepaTypbl HU3MEpEeHHH HAacTymaeT TepMmuueckoe ramenue OJI K
(okoio 100 K, xak 6110 MoKa3aso B [1]). Tak kak KT umetot 6omnee rimyO0oKuii orpaHudu-
BAaIOIMH IOTEHIHUAT W, CIEO0BAaTENIbHO, 00Jiee BHICOKYIO TEMIIEpaTypy, KOrja TepMHde-
CKHUH BEIOPOC CTAHOBHUTCS 3HAUUTENbHBIM, HHTeHCHBHOCTE DJI KT craHoBuTCS BEIIIE B
cpaBHeHUU ¢ K. OnHako, kak MOKa3blBalOT Pe3yJbTaThl, OTEHLUAIbHASA sIMa JIOJDKHA
OBITH JOCTAaTOYHO IITyOOKOW: HAOIIONAETCS 3HAYUTENBHOE pa3iMiie B MHTCHCHUBHOCTSX
OJI KT, umeronmx 3Hepruto ocHoBHoro nepexozaa 0,86 u 1,1 3B.

YnpapiieHne JJUHONH BOJHBI H3JIy4eHHsl. I3MeHeHne mapaMeTpoB TOHKOTO KOM-
OMHUPOBAHHOTO MOKPOBHOTO closi InGaAs/GaAs MO3BOJSAET yHPaBIATH IJIHHOW BOJHBI
nanyuenus B (puc.4). OxHako, HECMOTPS HA TO, YTO Ha MOJOOHBIX TETEPOCTPYKTYpax
®JI or cinog KT M03kHO nomy4uTs BILIOTH 10 1,7 MKM, ipefenbHas anuHa BoiHsl OJI BIII
Ha OCHOBE ITUX CTPYKTYp HOCTHraeT B MakCHMyMe Toubko 1,48 MkM (puc.4, criextp 3).
Tomnmaa nokposHoro cios d. GaAs st aToro odpasua coctapnser 12 um. JlanbHeitmee
yMeHblIeHne d. MPUBOAMT K MOJHOMY TameHuro DJI u3-3a IMOBEpXHOCTHOH peKoMOWHA-
LHH.

O Bo3moxkHBIX MexaHu3zMax IJI. PaccMoTpuM BO3MOXHBIE MEXAHU3Mbl HHKEKIIUU
IBIpOK U3 Metaiwia B n-GaAs. Hecmotpst Ha To, yto DJI mpu KOMHAaTHOH TeMmeparype Ha-
OJr0ZaeTC TOJBKO B 00pasuax ¢ akUenTOpHbIM O-CI0eM, OH, MO-BHIUMOMY, HUIPaeT
BCIIOMOTATENbHYIO POJb, TaK Kak mpu 77 K snexTpomtoMuHecHeHIHs HAOMI0AaeTCs U B
reTepoCTpyKTypax 0e3 cios yraepoaa. TepMudeckuii 3adpoc Hocutenei ¢ ypoBHsI Pepmu
MeTaJUla HeNOCPEACTBEHHO B BAJCHTHYIO 30HY IIOJYHNPOBOJHUKA TAaKKE MajlOBEPOSTEH
BCJICACTBUE cpaBHUTENBHO Oonboro (0,5-0,7 5B) morennuansHoro Gapbepa Uit IBIPOK
CO CTOpPOHBI MeTaia. B skcnepuMeHTe He HAOMIOJAeTCs 3HAYMTEIbHAs TeMIepaTypHast
3aBUCHMOCTh MHTETpaNIbHOW MHTeHcHBHOCTH DJI 1u1st 00pa3noB ¢ d-cioeM, a B oOpasmax
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0e3 Hero oHa JOJDKHA OBITH MPOTUBOIIONIOXKHOM, YeM HaOmogaemas. Ha Ham B3risin, 6o-
Jiee BEPOSTHBIM SIBJISCTCS MHXKCKLHMS M3 METalla JBIPOK, BO3HUKAIOIIMX B PE3yJIbTaTe
Osxe-tiporiecca B MeTaiute [2]. DIEKTPOHBI, KOTOPBIC HHXKEKTHPYIOTCS U3 Oy IPOBOJHU-
Ka B METaJlJI, BRICBOOOXKIAIOT SHEPTHUIO, KOTOpask MOXKET MepeNaBaThCsl DIIEKTPOHY, Haxo-
nsmemMycst yooko noj yposaeM ®@epmu. Ob6pasyromiasics B pesyibrate Oske-mporecca
JIBIPKa IOTIa/IaeT B HOJIYIIPOBOHUK O3 MPEoI0JICHNsI OTSHIMAIIBHOTO Oaphepa.

Ponp §-cnost yriiepona BOIM3H MOBEPXHOCTH, NMPEINOIOKUTEIBHO, COCTOUT B CO3/a-
HHUHM JIOTIOJTHUTEJILHOTO OIPaHMYHMBAIOIIETO ITOTEHIMANA, 3aePXKUBAIOIIET0 IBIPKU B MO-
JyTIPOBOJHUKE W NPENATCTBYIOIIEr0 UX 00paTHOH anddy3uu B MeTala Wi 3aXBaTy Ha
MOBEPXHOCTHBIE cocTosiHUS. C §-CI1ost ABIPKKM MOT'YT TyHHeJpoBath Ha yposHH KT u pe-
KOMOMHMPOBAThH C 3JIeKTpoHaMu. Kpome Toro, B mposMOCMELIEHHOM Oaphepe BesnKa Be-
POSITHOCTb TYHHEJIMPOBaHUS IbIPOK ¢ ypoBHsA DepMu MeTajula Ha YPOBHH O-CJIOS M M3
HUX — Ha ypoBHH KT, uTo sBIseTcs emie OJHUM BOSMOXXHBIM OOBSICHEHHEM JIOCTAaTOYHO
BbIcOKOH nHTeHcHBHOCTH MHKeknonHor DJI KT mpu 300 K. B menom, Bompoc o mexa-
HU3Me HabronaeMoii DJI octaeTcsi OTKPBITHIM B TpeOyeT AalbHEHIIero N3y YeHUs.

3axknwuenue

B HacTosmeit paboTe mpeasioyKeH HOBBIM THI W3Ty4aTens B quanasone 1,3-1,5 mMxM,
WU3rOTOBJICHHBIM Ha OCHOBE W30TUIIHOM KBAaHTOBO-pa3MEpPHONl TeTEepOCTPYKTYpPbI
n-GaAs/InGaAs/InAs ¢ 6apsepom LllorTku. OcoOeHHOCTHIO TPHOOPA SBISETCS pa3Melle-
uue MaccuBa KT ¢ TOHKIM KOMOMHHMPOBAaHHEIM ITOKPOBHBIM cioeM n-GaAs/InGaAs B 06-
nactu npoctpancTBeHHOro 3apsina BIII (Au). HMccnenoBansl OCHOBHBIC 3aKOHOMEPHOCTH
nmkekiponHoi DJI u ®JI Takoro muoma. OOGHApYKEHO, YTO HEOOXOIUMBIM yCIOBHUEM
Habmozennst DJ1 npu 300 K sBisercss Hajauune akUenTOPHOTO O-CJI0s BOJIM3K MOBEPXHO-
cTH. YCTaHOBJIEHO cuiibHOE paznuuue B uHTeHcuBHOCTU DJI ot cinoeB KT u K B 3aBu-
cumocTH oT Temmepatypsl usmepenuit 300 u 77 K. [TokazaHo, 4TO U3MEHEHUE TONIIMHBI
KOMOMHHPOBAHHOTO MTOKPOBHOTO ciog GaAs/InGaAs mo3BoJIsleT ynpaBisaTh IMHON BOJI-
He1 ©JI 1 DJL

Pabora Bemonasace npu ¢guHancosoit momnepxkke NATO (mpoekr SfP-973799 u
OUTREACH Programme), PO®U (01-02-16441 u 00-02-17598) 1 CRDF (REC-001).
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