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Effects of thermally activated hole escape mechanism on the optical and electrical properties
in p-type Si 6-doped GaAg31DA layers
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A series of periodically spacqutype 5-doped GaAs(311 layers, with a doping period varying from 100
to 500 A, was investigated by Hall effect and photoluminescence measurements in the range of 2 up to 280 K.
An enhancement of the Hall mobility by a factor of 5 was observed around 100 K for the structure with the
largest period with respect to the one with the smallest period. Photoluminescence measurements carried out at
different temperatures revealed that the physical origin of the mobility enhancement was related to the escape
of confined holes from the two-dimensional hole gas to the undoped GaAs region belvdeped layers.
Both optical and transport data provided strong evidence of the two-dimensional to three-dimensional transi-
tion related to the change from isolatédvells to a superlattice of wells characterized by the formation of
minibands.

[. INTRODUCTION gated. In our experiments, we observed that the Hall mobility
monotonically increased for raising temperature between 40
Delta-doped §-doped semiconductor materials have at- and 100 K. This increase of the mobility is more pronounced
tracted the attention of many researchers since it was denfior the structures with the largest periods. For 100 K, the
onstrated that they could be very important to the developmobility is mainly limited by optical-phonon scattering. The
ment of high-performance devicéd.From a fundamental analy_sis of our res_ults indicates that f[he behavior of the Hall
point of view, 5-doped layers provide interesting systems formobility as a function of temperature in the range from 40 up
studying the fundamental properties of a two-dimensionaf® 100 K is related to the escape of confined holes from the
carrier gas in the limit of strong coupling with the ionized 2DHG to the undo'ped GaA; region 'between adjacent
impurities of thes-doped layers. Although several theoreti- (S_-doped Ia_yers. Th's Interpretation is confirmed _by the analy-
cal and experimental works have already been devoted to t S pf the intensity of the emissions observed in our photo-
study of the fundamental properties of singté double®” uminescencéPL) spectra as a function of temperature.
and multiple 5-doped (WMD) layers®2° in GaAs most of
them were related to-type 5-doped layers. Little is known IIl. SAMPLE PREPARATION

about the relevant mechanisms that limit the mOblllty of the The Samp|es ana|yzed here were grown in a Gen |l Mod.
two-dimensional hole ga&DHG), as well as which ones MBE system from Varian on top of “epi-ready” semi-
control its temperature dependence pitype MOD GaAs  insulating GaAs(311) substrates from American Crystal
layers. Technology(AXT). Under specific growth conditiorfs,the
MoD layers are systems with a periodic sequence oi dopant can enter the As sites of the (34 Burface, lead-
equally spaced-doped layers of the same doping type anding to thep-type character of the GaAs layer. This is gener-
level, separated by undoped regions of the host materiahlly possible when the V/III flux ratio is kept as low as pos-
When the coupling of the majority-carrier wave functions sible (below 4 and the growth temperature is above 450 °C,
between adjacent wells replaces the characteristic discreteto be sure that some As deficiency will be generated at the
energy-level scheme of an isolatédwell by a set of mini-  surface and will favor the incorporation of Si atoms into the
bands of finite width, the structure is referred to as@ped As sublattice. However, the As flux must be large enough in
superlattice §DSL). Self-consistent calculations and experi- order to keep the 4 surface reconstruction during growth
mental results about the miniband formati@hange from a and ensure a good morphological quality of the fifhghe
2D to 3D behavior, i.e., from MD layers to asDSL) have planar doping was achieved by the standard growth-
already been reported forn-type &-doped GaAs interruption technique and simultaneous evaporation of the
structureg>16 dopant. After a degas in the entry/exit and buffer chamber,
In the present work, we report on a detailed temperaturethe substrates were transferred individually into the growth
dependence investigation of the Hall mobility and of the op-chamber for oxide desorption around 580 °C under ap As
tical properties in periodically spaced multiplp-type  flux and degassed at 630 °C for 5 min. The removal of the
o-doped GaAs layers. A set of samples with a fixed nominabxide layer was monitored using the RHEHDeflection
acceptor concentratioh, in the 5-doped layers but with high-energy electron-diffractiorpattern that switched from
different doping periodsl (100 A<d<500 A) was investi- diffuse to spotty. This transition was also used to check the
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calibration of the infrared pyrometer, which was monitoring
the sample temperature during the growth. All the samples T=2K
were grown with a V/IlI flux ratio of 3 and had the same
basic configuration: a Jlem-thick GaAs buffer layer fol-
lowed by a periodic Sb-doped structure and finally a 300-
A -thick GaAs cap layer. The periodic structure consisted of
30 Si 5-doped planes, with a fixed nominal sheet concentra-
tion No=1.5x 10" cm™?, separated by the same distance.
The buffer layer was grown at 580 °C and the rest of the
structure at 500 °C to avoid diffusion of the dopant into the
host material that could yield a broadening of the doping
profile. The growth was interrupted during 30 sec before the
deposition of each Si layer in order to smooth the surface.
Five samples were grown with different periods and desig-
nated as S500, S300, S250, S200, and S100. The number
indicates the distancéA) between two adjacent doping ey
p|anesl 135 1.40 1.45 150 1.55
Energy (eV)

$100

5200

S$250

$300

PL intensity (arb. units)

$500

Ill. EXPERIMENTAL DETAILS FIG. 1. 2 K PL spectra of multiple-type 6-doped GaAs layers

The transport measurements were carried out in a supewith a fixed nominal sheet concentration in tidedoped layers
conducting magnet using the standard van der Pauw config@Na=1.5x 10" cm~?) and different doping period$ranging from
ration. The linearity of thd XV curves was a proof of the 100 to 500 A.
good quality of the Ohmic contacts that were made using an
In-Zn alloy. In order to get accurate and reliable data for thespect to the emission near the GaAs band gap, which be-
mobility, each mobility value presented in this work was comes the dominant feature &80 K. In order to under-
actually resulting from a magnetoresistance curve of 40Gtand the temperature behavior of the broadband, all the PL
data points obtained by sweeping the magnetic field betweespectra were decomposed into their constituents, and their
—0.5 T and 0.5 T(back and forth The data were taken in energies were plotted as a function of temperature as shown
the constant-current mode, with a current of 108, and the in Fig. 3@ for sample S500. A schematic representation of
contacts were permutated, although no significant anisotropthe transitions obtained by the decomposition of the PL spec-
was observed. Photoluminescen&t) measurements were tra is presented in Fig.(B). Good fits to the PL spectra were
performed in an optical helium-bath cryostat with variable-obtained when the broadband was weighted towards a linear
temperature facilities. The samples were excited with thesuperposition of Gaussian curves, whereas the emission near
5145 A line of an argon-ion laser at a power density of 60the GaAs band gap was adjusted by a Lorentzian curve. Rep-
W/cn?. The luminescence signal was dispersed by a 0.75 mesentative PL spectra obtained with our line-shape analysis
monochromator, detected by a S1 photomultiplier, and there shown in Fig. 4 for sample S500 at two different tem-
electrical signal was amplified and processed using standajgkratures. AT =2 K, the highest-energy peak resulting from
lock-in techniques. the decomposition of the broadband was a free-to-bound

(FB) transition, around 1.485 eV, involving Siacceptorg?

IV. RESULTS AND DISCUSSION

A PL spectrum of each sample recordedTat2 K is GaAs S500
presented in Fig. 1. It can be seen that each spectrum shows .
an intense broadbangfull width at half maximum ~90 .
meV), located below the fundamental GaAs band gap, and a £ (280K
very weak emissiofaround 1.519 eYoriginating from the S 240k
undoped GaAs host material. As we shall show later, a de- 5 /\/K
tailed analysis of the PL spectra as a function of temperature o
indicated that this broadband consisted of several emission - '
peaks. Our set of samples, S500, S300, S250, and S200 be- 5
haved in the same qualitative way and exhibited the charac- S
teristics of isolated-doped wells, whereas S100 had a typi- k= 80 K \
cal superlattice behavior. So, in the rest of the present work, | /\~
we shall mainly discuss the results from samples S500 and o 4%
S100. 2K

The PL spectra of sample S500 recorded at different tem- . . . . .
peratures are shown in Fig. 2. Each PL spectrum was nor- 135 1.40 145 150 1.55
malized to unity with respect to its most intense emission Energy (eV)

peak. It can be observed that, with increasing temperature,
the intensity of the broadband decreases drastically with reFIG. 2. PL spectra of sample S500 as a function of temperature.
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FIG. 4. Representative decomposition of the PL spectra ob-
tained with our line-shape analysis for sample S500 at two different
temperaturesta) T=2 K; (b) T=200 K. The open circles are the
experimental data and the solid line represents the linear superpo-
sition of the fitted peaks. The vertical arrow {g) indicates the
energy position of the weak GaAs emission.

FIG. 3. (a) Energy chart of the peaks constituting the PL spectra€' (holes are confined along the growth direction by the
of S500 as a function of temperature. The decomposition was real- A "-shaped potential well induced by thé-doped planes,
ized as shown in Fig. 4 and explained in the text. The open square¥hile the minority carrier¢photogenerated electronare in
are related to the band-to-band GaAs recombination and the opdhe conduction band in confined states of the potential wells
circles and triangles are related to the FB and DA transitions, relocated between adjaceatdoped planes. Therefore, in the
spectively. The filled circles are emissions related to the 2DHGactive region of widely spaced 8D layers, two channels are
The lines connecting the points are only a guide to the ef§®s. available for the radiative recombination of photoexcited mi-
Schematic representation of the transitions taking place in S500. nority carriers: the channel associated to the 2DHG and the

one related to background impurities and free holes from the
Another peak was obtained around 1.479 eV and is probablyndoped GaAs region between adjacéstdoped layers. De-
related to a donor-acceptdiDA) transition involving a pending on the temperature range, one of these channels will
SigsSias pair?® Besides these two extrinsic emissions origi- dominate the process of radiative recombination of the pho-
nating from the undoped host material, our fitting procedurgogenerated electrons. At sufficiently low temperature, the
also indicated the presence of three peaks around 1.468 eV;doped wells are attractive for the photogenerated free
1.454 eV, and 1.421 eVdenoted in our paper as 2DHG holes. They will be captured by thé wells and the main
bandg, which were ascribed to the radiative recombinationrecombination paths in the active region will be through the
of photogenerated electrons with the confined holes of th@DHG and the background impurities. Therefore, the capture
2DHG. Though there exist several different ways to decomof free holes photocreated in the GaAs host material located
pose the broadband of our optical data, the physical meaningetween adjaceni-doped planes leads to the weak emission
of our findings indicated that our fitting procedure provided anear the GaAs band gafaround 1.519 e)Y When the
reliable description of the emissions observed in the PL spesample temperature is raised, the capture process of photo-
tra as a function of temperature. It is important to emphasizgenerated holes is no longer efficient. Moreover, due to the
that the 2DHG bands obtained by the line-shape analysis @scape of the holes from thewells and due to the thermal
the PL spectra are not necessarily related to the subbaridnization of the Si, donor and Sjs acceptor impuritiegsee
structure of VD GaAs layers. Broad structureless emissionthe behavior of the DA and FB transitions in Fig)., 3he
spectra have already been observed by other groups investiand-to-band recombination between holes and electrons in
gating MSD GaAs layer€ ! but only two of them reported the undoped GaAs regions between adjacedbped layers
emissions related to the confined states associated to tfecomes the dominant recombination path. Summarizing, at
electronic subband structure fortype MSD GaAs layers low temperature, the broadband consists of the superposition
with & planes separated by 500 A in Ref. 10 or 350 A inof emissions resulting from the radiative recombination of
Ref. 11. photogenerated electrons and holes of the 20t¢@ding to

The space-charge potential indid layers modulates the the 2DHG bandsand also background impurities located
band edges of the host material in such a way that majoritypetweens-doped planefleading to the FB and DA emission
and minority carriers become spatially separated. In widelypeaks$. At higher temperature, the remaining broadband is
spacedp-type MéSD layers(as for S500, the majority carri-  mainly related to the weak radiative recombination involving
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GaAs band edge as a function of temperature for some of the
samples. It can be noticed in this figure that the intensities
reach a maximum around 100 K for the samples with the
largest periods, whereas the intensity of the GaAs peak of
sample S100 is only weakly dependent on temperature. An-
other important feature, which can be noted in Fip) 6is
240K that the GaAs emission becomes less intense as the period of
; 200K the M6D structure decreases. As already discussed, for the
N\ 160 K samples with the largest periods the observed intensity en-
N\ 120 K hancement is due to the thermal activati@scapg of the
j holes from thes-potential wells to the nearby GaAs regions

NI0K between thes-doped planes and the thermal ionization pro-

$100
GaAs

280K

;40K cess of the background impurities. Beyond 100 K, the inten-
L2k sity decreases because nonradiative processes are more pro-
nounced at higher temperature. In6M structures with a
195 140 145 150 155 large period, the overlap between the wave functions of the

holes of the 2DHG and the photogenerated electrons is re-
duced. As a result, longer radiative lifetimes associated to the
radiative recombination process of the 2DHG are expected as
compared to the direct recombination process occurring in

the GaAs regions betweehdoped planes. That is the reason

the holes of the 2DHG. The dominant emission is the bandyy ot high temperature, when there are available free holes

to-band recombination involving holes in the undoped GaAs girect recombination, the GaAs band-to-band recombina-
regions betweea-doped planes originating from the thermal 5y hecomes the dominant emission in the PL spectra as
ionization of background impurities and from the efficient compared to the 2DHG-emission band. When the period is
escape of the holes from the 2DHG. made shorter, but thé wells are still considered as isolated,
For sample S100, unlike the other samples of the set, thg,o \yave-function overlap will gradually be larger and
weak peak observed at low temperature near the GaAs barl‘grger leading to an increase of the 2DHG optical-
edge does not become the dominant _recomblnatlon path, @Scombination probability to the detriment of the recombina-
can be observed in the PL spectra of Fig. 5. At high temperagon, probability inside the GaAs regions. This explains why
ture, the intensity of the 2DHG band is of the same order ast a fixed temperature in the range 40<KT<100 K, the
that of the GaAs emission, and both of them have the weaksaas emission is less intense for the samples with smaller
est luminescence signal when compared with all the othel,q smaller doping periods as observed in Fig).6When
samples, as can be observed in Fig) 6where we showed 6 neriod is further reduced, the system experiences a 2D to
the maximum absolute intensity of the emission near thgp yransition, where minibands are formed and the wave

functions of majority and minority carriers are spread out

Energy (eV)

FIG. 5. PL spectra of sample S100 as a function of temperature.

2 ' along the whole periodic structure. Consequently, the inten-
2 =— 5500 sity of the 2DHG band should first increase, reaching a maxi-
% = :f:gggg mum for a critical period, and then should drop as the period
o = —A—5100 | is further reduced, as already observed ristype MSD
i S layers? According to this, it seems that sample S100 has a
P g predominant 3D character and the observed emission near
g ~ A . the GaAs band gap should be originating from the GaAs
< buffer layer since the recombination paths associated with
0] the GaAs regions betweefdoped planes were suppressed.
' ' ' ' ' ' The influence of the escape of the holes from the
200- (b) :;: :ggg S-potential wells on the electrical properties is shown in Fig.
w —A— 5200 6(b) where the temperature dependence of the Hall mobility
NE 150} —A— 5100 1 (pnan) is presented for some of the samples. In the tempera-
g ture range from 2 up to 40 K, the value of the Hall mobility
-~ 1oor T is roughly the same for all the samples. With the exception
% /A/‘\A\‘\A of sample S100, we can observe that the Hall mobility in-
o 50r AN s A AT creases monotonically with raising temperatures in the range
= 40 K <T<100 K and this variation is more pronounced for
00 ™50 100 150 200 250 300 the structures with the largest periods. Beyond 100 K, the

mobility decreases as a consequence of scattering by optical
phonons. We can conclude, from the compelling correlation
FIG. 6. Temperature dependenca) of the absolute maximum between the optical and electrical measurements presented
intensity of the emission near the GaAs band edge (ahaf the  here, that the mobility enhancement is also due to the escape
Hall mobility for samples S500, S300, S200, and S100. The line®f holes from thes wells. In the following, we shall explain
connecting the points are only a guide to the eyes. the correlation between the escape of holes and the observed

Temperature (K)
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enhancement oft, With increasing temperature that sug- balance of the ionized impurities of thelayer and the car-
gests some form of hole scattering by ionized impurities. ~ riers of the 2DHG. The escape of holes from #heotential

Considering that the undoped GaAs regions betwéen wells leads to a non-fully-compensatéddoped layer, in-
wells have a low impurity-background level with respect tocreasing the average number of scattering centers due to the
the dopant concentration in the planar layers, we shall nepartial screening of the ionized donors of theloped layers.
glect in the present discussion the effects of Coulombic scaffhe phenomenological relatidf) expresses the fact that the
tering due to background ionized impurities. So, only scat-mobility of the confined holes should drop with the increas-
tering events involving holes and ionized dopant atoms froning number of ionized scattering cente¥s(T). Thus, we
the 5-doped layers will be taken into account. According to can deduce that for a given temperature, the mobility will be
the two-carrier conduction theory, two types of holes can béigher for the structures with the largest periods, which is in
responsible for the mobility enhancemerit) the holes good agreement with our experimental observations. This in-
which escaped from thé wells and (i) the holes which terpretation is based on the assumption f{dt p) does not
remained confined in thé wells. Let us first discuss the change too much with temperature from sample to sample,
effects of the escape of holes on the mobility of the 2DHG..€., the variation of the concentration of confined holes as a
Self-consistent calculations showéd®that the Fermi level function of temperature has a minor effect on the mobility of
in p-type 5-doped GaAs layers was always located inside théhe 2DHG, and on the fact tha (T) has a weaker tempera-
5-potential well, differently from the Fermi level in-type  ture dependence when the period of théMstructure is
5-doped GaAs layers, which was always very close to thénade large(as mentioned before, the Fermi level is located
continuum states of the GaAs conduction band. The sameéeep inside thes well for the structures with the largest
calculations pointed out that the Fermi level was locatedoeriods.
deeper and deeper inside thewell when the distance be- The same analysis is useful to describe the mobility be-
tween them was made larger. Thus, for a given temperaturéavior of the holes that escaped from theloped wells. In
the escape rate of the holes from hevells will be smaller  this case, a similar situation to modulation-doped quantum
for the structures with the largest periods as a consequence Wells (MDQWs) takes place: the mobile carriers are spatially
their higher escape activation energies. For instance, fagseparated from their ionized parent impurities located in the
M D structures withN,=1.5x 103 cm™ 2 and doping peri- é-doped planes. However, differently from our samples, in
odsd in the range 100 Ad<500 A, the Fermi level is lo- MDQWs, the scattering of carriers from the ionized dopant
cated approximately 20 meV below the continuum states ofitoms is negligible and the low-temperature dependence of
the GaAs valence barld.As a result, an efficient thermal the mobility is mainly determined by acoustic-phonon
activation of holes from theS wells to the nearby GaAs scattering®’ So, in MéD structures, the Coulombic interac-
regions is expected ip-type MSD systems. Before conclud- tion of the holes that escaped from tlewells with the
ing this analysis, we should point out that the calculationgonized dopant atoms in the non-fully-compensagedoped
mentioned here refer to BD structures grown in thg100]  layers should also be taken into account in the analysis of the
direction since there have been no theoretical results put®bserved mobility enhancement.
lished for these systems grown in tf@&11] direction so far. To finalize the presentation of our results, it important to
However, preliminarly calculations for an isolatgdtype  say that the structure with the smallest period exhibits obvi-
5-doped GaAs well grown along tfi@11] axis revealed that ©Ous superlattice behavior: very low PL intensity related to
the Fermi level is even shallower than that obtained for&he the recombination of photogenerated electrons and holes of
well grown in the[100] direction with the same acceptor the 2DHG, and weak temperature dependence of the mobil-
concentratiord? ity with temperature.

The scattering by ionized impurities in degenerated 2D
doped semiconductors cannot be expressed in a closed form
as is the case in conventional nondegenerated 3D doped V. CONCLUSION
samples that follow the Brooks-Herring expressioiow-

) . The electrical and optical characteristics of multiple
ever, in our case we can assume that, in the temperature P P

range where scattering by ionized impurities dominates thg-type o-doped GaAs (311 layers with a fixed nominal

conduction process, the mobility can be described by thgheet_concentraﬂon an_d different doping periods have been
investigated as a function of temperature. An enhancement

i ~R6
equatior of the Hall mobility for the structures with the highest peri-
f(T,p) ods as compared to the mobility of structure with the small-
Mpan(T) :W’ (1) est period was observed and attributed to the escape of holes

of the 2DHG from thed wells. It is, however, clear that a full
wheref (T,p) is a function of temperatur€ and of the con- quantitative treatment to describe the observed data requires
centrationp of the 2DHG, and\,(T) represents the 2D con- a self-consistent calculation of the hole transporéidoped
centration of ionized impurity atoms in th&doped layers. p-type GaAs layers that includes the effect of the escape of
The periodic space-charge potential, which modulates thboles from thes wells in the electronic structure of the sys-
band edges along the growth direction, is generated by them.
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