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The carrier distribution and defects have been investigated in InAs/GaAs quantum dots by
cross-sectional transmission electron microscQ§YEM), capacitance—voltage, and deep level
transient spectroscopy. Carrier confinement is found for 1.1- and 2.3-mond@hieithick InAs
samples. For 2.3 ML sample, XTEM images show the presence of defect-free self-assembled
quantum dots. With further increase of the InAs thickness to 3.4 ML, significant carrier depletion
caused by the relaxation is observed. In contrast to 1.1 and 2.3 ML samples in which no traps are
detected, two broad traps and three discrete traps at 0.54, 0.40, and 0.34 eV are observed in 3.4 ML
sample. The traps at 0.54 and 0.34 eV are found to be similar to the traps observed in relaxed
Ing ,Ga& gAs/GaAs single quantum well structures. By comparing with the XTEM images, the trap
at 0.54 eV is identified to be the relaxation-induced dislocation trap in the GaAs laye2000
American Institute of Physic§S0003-695(00)02245-7

The INGa)As/GaAs self-assembled quantum dgRDs) pattern. Schottky diodes were fabricated by evaporating Al
have attracted significant interest both from the point of viewon samples with a dot diameter of 150@n.
of fundamental physics and for technological applicatibifs. Figure 1 shows the room-temperature capacitance—
The QDs were obtained by the so-called Stranski—Krastanovoltage C—V) data of the studied samples and their corre-
growth mode’. The initial growth stage of the (GaAs/  sponding apparent carrier concentrations. The measuring fre-
GaAs heterostructure has been studied by many wofk&rs. quencies were about 16iz. Carrier-confinement peaks with
For instance, it has been reported that when InAs coveragetensities about & 10 and 1.6< 10'”cm™ 3 were observed,
increases to about 1.75 monolay®fL ), InAs strained film  respectively, for 1.1 and 2.3 ML samples. When temperature
will be partially relieved and the growth mode changes fromwas lowered, the peak intensities increased and widths nar-
two-dimensional2D) to three-dimensiondBD).” The 2D to  rowed, suggesting quantum confinement. Self-consistent
3D transition during the initial stage of growth will not in- simulation of C—V profile by Moonet al!® shows that the
troduce any misfit dislocatioh®'°But as the InAs coverage broad C—V peak at high temperatures is attributed to the
increases to about 3 ML, island coalescence and defect ildebye averaging process between 2D and 3D electrons. As
corporation will occur;*! Although the QDs structural and temperature is decreased, the 3D electron contribution be-
optical properties have been studied by atomic forcecomes negligible and the apparent carrier distribution is
microscopy’. transmission electron microscogfEM),'%!!  mainly determined by a change of the position expectation
and photoluminescend®L),'? there has been no report on value of 2D electrons under the sweepifgV measure-
the detailed properties of the relaxation-induced defects. Inment. The small width of th&€ -V peak is the result of a
vestigation into this topic is necessary in order to understanglery small change of the position expectation value of 2D
the onset of relaxation and defect formation. In addition, thiselectrons. On the other hand, significant carrier depletion far
work is part of an ongoing investigation of the strain relax-beyond the InAs layer was observed for 3.4 ML sample. This
ation in In, ,Ga, gAs/GaAs quantum wells>14

The samples, with ultrathin InAs layer sandwiched by
0.3-um-thick n-type GaAs layers, were grown an -GaAs 2L 300K
(100) substrates by Varian Gen Il molecular beam epitaxy. %
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The thickness of the InAs layer was varied from 1.1, 2.3 to 12
3.4 ML. The InAs layer was undoped and the total Qré- i)
thick GaAs layers were Si doped with a concentration of 6 ©
X 10cm™2 to allow the depletion edge to sweep across

InAs layer under reverse bias. The whole structure was

grown at 550 °C without interruption, with an Adeam 0.4
equivalent pressure of 2210 ° Torr. The growth rates for 76 5 4 -3 2 10

GaAs and InAs were 0.98 and 0.23 ML/s, respectively. The V(V)

growth was monitored by reflection hlg_h-energy electron dnc-FIG. 1. Room temperatuit@—V data and the corresponding apparent carrier
fraction (RHEED) and the QDs nucleation was observed for concentration for InAs/GaAs samples with InAs layer thickness of 1.1, 2.3,
the 2.3 and 3.4 ML samples via the onset of a spotty RHEEDRind 3.4 ML. The measuring frequencies weré H@.
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carrier depletion is attributed to strain relaxation when the S0 100 150 200 250 300 350 400
InAs thickness increases beyond its critical thickness. This T (K)

critical thickness is consistent with the previously reported
Yalue of ) 37 1|¥|L TOI‘ 'Sla_‘nd Coal_escence and defect FIG. 3. The DLTS spectra for InAs/GaAs sample with InAs thickness of 3.4
incorporation’ =~ Similar carrier depletion has been observedmL. The measuring frequency is 18iz andt, /t; = 1.53 5/0.153 s.

in Ing ,Gay gAs/GaAs quantum well when the JpGa, gAs

thickness is beyond its critical thickne¥$s. trap, observed at-235 K in Fig. 3h). The corresponding
Figures 2a) and 2b) show the cross-sectional TEM Arrhenius plots of the discrete traps E1, E2, and E5 are
(XTEM) images of 2.3 and 3.4 ML samples, respectively.shown in Fig. 4. The activation energiésross sections
Quantum dots were clearly observed in the InAs layer for 2.3yere  determined to be 0.54eV (6:200 " cnd),
ML sample. No defecté¢dislocations or stacking fault®i- g 40ev (2.1% 10 8cn?), and 0.34eV (2.48 10 8cnd)
ther in the GaAs layers or in the InAs layer were observedfor E1, E2, and E5 traps, respectively. The E3 trap appears as
This indicates that during the initial 3D growth, self- 3 proad continuum of states in the temperature range of 80—
assembled dots were formed cohereffly° On the other g K, implying the presence of a defect band within the
hand, for 3.4 ML sample, the XTEM image in Fig(l2  pand gap. We speculate that this band is due to structural
shows the presence of threading dislocations and stackingefects rather than point defects. Similar signals like E3 trap
faults in the GaAs cap layer. It is also noted that misfit dis-yere observed in Figs.(®—3(d) from 80 to 200 K. As for
locations and cross-hatched stacking faults appear near thge proad E4 trap, it may consist of E5 trap judging from
QDs boundaries. This result indicates that islands coalesheir closeness in temperature. Due to their broadness, no

cence boundaries are favorable sites for dislocationejiable activation energies could be obtained for E3 and E4
nucleation® In contrast, the GaAs bottom layer is

dislocation-free. 106 _ i
To further study their defects, all samples were mea- /

sured by deep-level transient spectrosc@py TS) using a Eifh E2 Es
gain-phase analyzer HP4194A under dark condition. The ~ 10° / f by E msi24 s
filling pulse was setta2 s and the measuring frequency was Y- 3 El
10° Hz. While no traps beyond the detection limit were ob- o ! g
served for 1.1 and 2.3 ML samples, several prominent traps o 10 b puchwaldetal 2
were observed in 3.4 ML sample as shown in Fig. 3. In order —— Wosinskietal. 197 0% 0% 107
to resolve traps from different depths, different bias voltage - ?&%EEASG?DSA (40!

s . 9,208 g8
and filling pulse height were used: a small step voltage of 10°
—0.5 V was superimposed upon a direct current bias from 0, 2 3 4 5 6 7 8
-0.5,-1,-1.5,-2,-25,-3,-3.5t0—4 V. From Fig. 3, 1000/T (K.l)

three discrete traps E1, E2, and E5 and two broad traps E3
and E4 can be seen. They dfe E1 trap, observed at300 FIG. 4. The Arrhenius plot of traps E1, E2, and E5. Other works are in-

; ; _ . ; cluded for comparison, including the trap observed ip,Bg gAs/GaAs
K'in Figs. 3a-3(b); (2) E2 trap, observed at-275 K in single quantum well with 1000-A-thick InGaAs and traps from Refs. 19 and

Figs. 3¢)-3(d); (3) E3 trap, observed around 135 K in Fig. 50" The inset shows the DLTS neak amplitudes of E1 and E2 traps vs
3(e); (4) E4 trap, observed in Figs.(f3—3(g); and (5) E5 filling-pulse duration time.
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traps. The origin of E3 and E4 traps is not clear. As for E5 trap, from the applied bias, it seems to residue near
We believe that all the traps detected in 3.4 ML samplethe QDs. From the XTEM images, a lot of misfit dislocations
are due to relaxation-induced defects rather than electrowere observed near the QD boundaries. In addition, we have
emission from the QDs as previously observed inobserved a similar relaxation-induced trap at 0.33@V(
InAs/GaAs’ and InP/Ip sGa, P materials. The photolumi- =1.4x10 8cn¥) along the InGaAs/GaAs interface in a re-
nescence emissiorigot shown hergat 10 K related to the laxed In, ,Ga, yAs/GaAs sampl¥ with a very thick InGaAs
QDs were at 1.10 and 1.13 eV for 2.3 and 3.4 ML sampleslayer (1000 A). This highly relaxed InGaAs/GaAs sample
respectively. Due to such small difference of 30 meV, anycontains a lot of misfit dislocations. Consequently, we tenta-
carrier emission from the QD states in 3.4 ML sample istively assign E5 trap to be the misfit dislocation trap. More
likely to be observed in 2.3 ML sample. Since no DLTS experimental data are needed in order to make a more con-
signals were observed in 2.3 ML sample which containslusive argument.
QDs, we exclude the possibility that the trapping signals ob- , . )
served in 3.4 ML sample are the result of electron emission "€ authors would like to thank the National Science
from the QDs. We speculate the reason why no eIectroﬁ;(_)unC” of the Republic of China for financially supporting
emission from the QDs was observed was probably due tthis research under Contract No. NSC-89-2112-M-009-024.
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