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Optoelectronic properties of thick SiGe layers grown as small mesas
by low pressure chemical vapor deposition
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Arrays of Sp gdGey.00/ Si(001) square mesas were epitaxially grown by low pressure chemical vapor
deposition to optimize the light emission in the near infrared range. To study the influence of mesa
size on light emission the current—voltage characteristics, the spectral photocurrent, and the
electroluminescence qd-i-n structures were measured. While the plastic relaxation has a strong
influence on the electroluminescence spectra, the current—voltage characteristics are only slightly
changed. At low temperatures, a tunneling current was observed and its possible location is
discussed. Due to the high SiGe thickness, both the contributions of the no-phonon and transversal
optical phonon-assisted transitions to the photocurrent spectra could be observed. Direct evidence of
the higher band gap of relaxed SiGe was obtained from electroluminescence stud2€§3©
American Institute of Physics[DOI: 10.1063/1.1559636

I. INTRODUCTION curves show at low temperatures the influence of mesa facets
_ _ _ and of tunneling current. The spectral photocur(&@) data
The optoelectronics today is based mainly on IllI-V gre compared with the EL results. At low temperature the
semiconductors. SiGe optoelectronic devices are currentlygntribution of no-phonottiNP) and transversal optic&TO)
investigated as well, because of the advantages offered Qyhonon-assisted transitions are well resolved by the spectral
this material: the possibility of integrating the optical and pc preyious studies at room temperature for SiGe diodes
h'gsh, speed eIechonlg functions on_alfl sgbstrqte. Agdlhng Giith different Ge concentrations have shown only the contri-
to Siincreases the absorptigessential for detectigrand the butions of phonon-assisted optical transitions with absorp-

refractwe |ndex(nece§sary for light gyldlr)g The !attlce tion and emission of phononsDirect evidence of the band
mismatch between SiGe alloys and Si substrate is partly a_ _ . : : ; .
. . ap increase due to strain relief by plastic relaxation and of
problem due to the plastic relaxation, but on the other han : . C . :
. . . e NP absorption transitions in SiGe layers is obtained by
the strain induced band gap lowering allows emission at th .
L and PC measurements, respectively. The low measure-

near infrared wavelength range. The only real problem is th . . . .
g g y b ment temperature and the high thickness of the strained SiGe

indirect band gap which poses obstacles for light emissionl. I d the ob . ¢ b . o
Even so, it was demonstrated that infrared light with a wave:2Y€rs allowe the observation of NP absorption transitions.

length longer than 1.2um can be guided, modulated,
switched, detected, and even emitted from StGe.

However, even if in the last years the external quantum
efficiency of SiGe-based light emitting dioddsEDs) could
be increased by orders of magnitutine present values are
too low for any application. One way to increase quantum . o .
efficiency is to optimize the design of the diode structure, to 1 Ne Selective epitaxial growth was carne:j out by low
reduce the recombination outside SiGe layer and to optimiz8'€SSUre qh_elmlcal vapor deposition at 700°C WRfge
the SiGe thicknesbThe room temperature efficiency of the — +4nmmin =, flow (SiCLH,)=10 sccm, flow (Ge@
electroluminescencéEL) increases with SiGe thickness, as = 1 sccm, flow (H)=200 sccm, andp=0.1 Torr. n
was demonstrated earlier for fully strained, §Bey.0.>4  Si(00D wafers No~10" cm®) were oxidized and pat-
The selective growth on small area can be used for increageérned with square holes with sizes fromun to 1 mm.
ing the critical thickness of SiGe layer. Therefore, for furtherP-i-n diodes in the form of mesas were grown with the layer
improving the efficiency of light emission studies of carrier Sequencennp”: (1) n"-Si buffer, (2) n-Si buffer, (3)
injection and recombination effects in small SiGe mesas ar8-Si;-,Ge (x=0.20-0.28, thickness: 70-450 nm(4)
necessary. n-Si;_,Ge, (x=0.02; 20-60 nry and (5) boron doped

In this article mesa size effects on EL and current-Si;_,Gg, (x=0.02, thickness 100 nm). The ohmic front
voltage (-V) characteristics of different diodes with thick and bottom contacts were evaporated Al/f&r ZnO) and
SiGe layers have been investigated. The plastic relaxatioAuSb, respectively. Other deposition and diode fabrication
was studied by EL and phototoluminesceitet). Thel-V  details are given in Refs. 4, 6, and 7. The samples investi-
gated are described in Table I. Thetype doping represents
dAuthor to whom correspondence should be addressed; electronic mai'F.he phosphorus concentration measured by secondary ion
t.stoica@fz-juelich.de mass spectroscogsIMS).

Il. EXPERIMENTAL DETAILS
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TABLE I. Data of Si_,Ge,/Si LED structures.

Buffer Buffer Ge SiGe SiGe Spacer
Sample thickness doping content thickness doping thickness Top
No. (nm) (cm™3) X (nm) (cm™3) (nm) contact

1597 230 ~2x 10" 0 0 — — ZnO

1296 260 8& 10t 0.21 260 X108 30 Al/Au

1108 600 X106 0.20 370 3x 10 21 Al/Au

1687 580 8& 10t 0.21 445 X108 24 Zno
Ill. RESULTS AND DISCUSSIONS ferent sizes(equilibrium curve—Matthews and Blakeslee
theory* dotted line-experimental metastable on large area;

A. The influence of plastic relaxation on the spectral . . : 6
distribution of PL and EL points are for different sizes of the mesas: 10 and 360"

] . ~ strained diodes with 50, 200, and 24n—this articlg. The

By selective epitaxy on patterned wafers fully strainedyip density function of the deposition area have been ana-
SiGe layers can be grown with a thickness much higher thaﬁ/zed within previous article&: ™3
the critical value for misfit dislocatioiMD) formation on The plastic relaxation has a major effect on the electrical
large area. The reduction of MD density on small mesagng photoelectrical properties of SiGe structures. The pres-
comprises two aspects. One is related to the equilibrium elagmce of dislocations may quench all other radiative recombi-
tic relaxation of strained SiGe/Si mesas. This effect becomegation paths. An illustration of the mesa-size dependence of
important only for small sizes on the order of/dm and  the plastic relaxation on PL and EL is shown in Fig. 2. The
below. Another aspect is related to the metastable state of the] from large area sample in Fig(a shows high emission
strained layers on relatively large medéateral size up 0 que to the dislocation related defects within the spectral
few 100 um for x=0.10-0.20 and growth temperature of range of 750-950 meV and only a weak contribution at low
700°C)."*“The metastable state is due to the relative longemperature from the Si substrate and the SiGe layer. The
specific times of the extrinsic nucleation of MDs at point yis|ocation peaks are the well knovil andD2 peaks:’
defects and the self-multiplication process. _ while the broad peak at higher energy-fand indicates a

Fully strained & gf>&.2 diodes were obtained up to & high density of isoelectronic centers in the SiGe layer which

thickness of 445 nm for mesas with size of a0 or smaller,  occyr during the relaxation proce¥sin contrast to the large
using selective epitaxy. This thickness is 30 times higher

than the critical value given by the equilibrium theory and is
6 times higher than the experimental value for metastable

- - D
state of the SiGe layers on large areas. In Fig. 1 the theoret- 30] @ gy Cllfelaxedlarge area
ical curve of the critical thickness in dependence on Ge con- D2/40K S0mw
centration is shown in comparison with experimental data on 201 ?%EK
metastable strained SiGe layers deposited by selective epi- : >;1OSiGe;20K
taxial growth(SEQ on large area and in patterns with dif- 10] U
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FIG. 1. Critical thickness for SiGe/&01) in function of Ge concentration:

solid line is the prediction of Matthews and Blakeslee equilibrium theory FIG. 2. Influence of plastic relaxation on the luminescence spectra of a 370
(Ref. 14; dotted line is the experimental metastable curve obtained on largem thick Sj gdGe, .0 Sample(No. 1109: and(a) PL of a plastically relaxed
area for 700 °QRef. 15; other points are for strained SiGe grown by SEG large area partib) EL of a strained 0.2 mm square mesa, 40dEL of a

on different square mes430 and 300um—Ref. 16; strained diodes this relaxed 1 mm mesa. All three graphs have the same arbitrary units, thus a
article—50um No. 1687, 20Qum No. 1108, and 24:m No. 1296. comparison of the intensities is possible.
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TABLE II. TO and NP peak energies for various growth ateample No. 1108

Sample area Injection T Eto Enp Strain

PL/EL (mn?) intensity (K) (meV) (meV) state
PL large area 50 mW 5 993 — relaxed
EL 1x1 100 mA 100 979 1037 relaxed
EL 1X1 60 mA 100 973 1029 relaxed
EL 0.2x0.2 100 mA 25 954 1011 strained
EL 0.2X0.2 100 mA 100 960 1010 strained
EL 0.2x0.2 50 mA 25 953 1009 strained
EL 0.2x0.2 50 mA 100 958 1012 strained

area emission, the EL of 0.2 mm mesa diodes shows na/Au contacts at 350 °C is necessary to reduce the contact
contribution from dislocationfFig. 2(b)], implying no plas-  series resistand¢he 4 and 24um diodes were annealed and

tic relaxation of the mesa. Beside the NP and TO peaks frorhave a smaller series resistance as compared to the unan-
the strained SiGe, emission from Si can be seen up to 100 kealed diode$50 and 500um)].

This peak is correlated to the TO emission in doped Si re-  QOne feature of thé—V characteristics for small forward
gions. biases is that the current is proportional to the area over 7

Larger diodes (X 1 mn?) on the same wafer are plas- orders of magnitude for all sizes. This implies no contribu-
tically relaxed, thus at 200 K only MD-related emission ap-tion of leakage current at the diode periphery. However, the
pears[Fig. 2(c)]. At 100 K most of the injected carriers re- smaller diodegsize of 4um) have a ten times higher current
main captured in the SiGe layer, thus recombiningdensity than the larger diodes, although the ideality factor
radiatively. However, the emission is much weaker than inremains almost the sam@.70-1.73 independent on the
nonrelaxed diodes. One reason can be the strong recombingakage current. This increase of current density in forward
tion at deep traps related to the isoelectronic centers merind reverse biases for small mesas can be explained by a
tioned above and seen as a shouldg) {n Fig. 2c). The  higher current density across the facets than through the
defects related to MDs give at this low temperature only a001) top of the mesa. This is due to the fact that the growth
broad contribution at the low energy side of the TO-SiGerate on facets is smaller than on 1) mesa top, resulting
band-to-band transition. By increasing the temperature, thi a thinner spacer between the SiGe layer afdcontact
carriers from higher energetic states of SiGe and Si are the(from 30 to 15 nm for this sampleTherefore, the current
mally excited and captured on the lower lying energy stategiensity is increased, as shown previously by numerical
of dislocation regions. simulations’ Because the 4m diodes have a facet area of

It is worth mentioning that the EL measurement allowedthe same order of magnitude as the total area, the total cur-
us to observe the increase of the energy gap due to strafgnt density is sensibly increased.
relaxation. Thus, comparing the EL spectra of Figh)Znot
relaxed with Fig. 2(c) (relaxed one can see that the energy
gap of SygfSe oo increases, and the NP peak shifts from
~1009 meV (strained to ~1037 meV (relaxed (see also
Table Il). The shift of 28 meV corresponds to a strain relax-
ation of 35% in the 1 mm SiGe mesas.

The competition of the different recombination pat8s
SiGe, and dislocation related defedssin fact more compli-
cated than described here due to the different dependencies
of the recombination mechanims on injected current and
temperature. For instance, by increasing the temperature the
Si emission can be reduced if recombination takes place only
in the SiGe layer, but can increase again at higher tempera-
ture due to the thermal emission of the carriers from SiGe.
Moreover, the contribution to the emission from Si and dis-
location regions increases relatively to that of SiGe layer
itself, by increasing the injection current.

B. Current—voltage characteristics

Figure 3 displays room temperatureV characteristics
of diodes deposited in the same run for various mesa areas

; ; ; : F{G. 3. 1=V characteristics of mesa diodes with different deposition areas.
and a SiGe thickness of 260 nm. The mesa size was Vaneﬁw 4 and 24um diodes were annealed, while the 50 and p@®diodes are

f_ror_n 4 to 500{um. At_high forward voltage the Cl_"rrent IS unannealed. The inset shows a SEM picture of an array of diodes connected
limited by series resistances. A thermal annealing of then paralel with transparent conducting ZnO contacts.
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Thel -V curves were measured at different temperatures distance from the top (um)
Wlthlr,] the range 2(,)_300 K. The “r,lear region of the I()ga'FIG. 5. Simulation of the depth dependence at 100 K and different bias
rithmic representation can be well fitted for all temperaturesojtages for a diode of epitaxy No. 1296) and (b) valence band, and
with the expressioll~JyexpEVnkT) used for apn junc-  hole quasi-Fermi level bany, ; (c) and(d) hole current profile. The pa-
tion with diffusion and recombination currents is electron ~ rameters of the facet regions for the curves (@ and (c): spacer

chargek is Boltzmann constant, arfl is absolute tempera- =10 "M; thickness of SiGe130 nm. The same doping levels are for fac-
ets as well as the top regiofthe parameters for the top regions are given in

ture). . o Table. ).
The temperature behavior of theV curves is indepen-

dent of mesa are@with or without dominant facet current
contribution). Figure 4 displays for the 4 and 24m diodes ture correspond to the deposition No. 129@&ble ). The
the temperature dependencies of the current extrapolated ttepth dependencies of the valence band extrEpaf the
zero voltagel, and the ideality facton. In the range 200— facet and the tog001) regions are shown in Figs(® and
300 K, n<2 and theJ, has an exponential temperature de-5(b) for 100K and three values of the bi&3, 0.6, and 1.05
pendence with an activation energy of510 meV. This V). The quasi Fermi-level for holesE(,) remains almost
value is about the half the energy gap, as expected foconstant in the plotted range. The corresponding hole current
recombination-limited forward current. Below 200 K, in- profile is represented in Figs(d and Jd) as the ratio of the
creases rapidly while the energkT decreases toward a hole current to the total current. This hole current profile
finite value of~28 meV at low temperatures. gives information about the recombination regions, i.e.,
The weak temperature dependence of kh&/ curves  where the current drops to zero. For small forward biases,
below 100 K indicates a strong contribution of tunneling due to the high electric field at thg-i junction, the valence
current. We performed simulation of the band diagram of eband at the top Si/SiGe interface has a well of triangular
p-i-n diode using thesiMwin program!® Only drift-  form. This well remains beloviy, for voltages below 0.5 V.
diffusion and recombination equations have been considereétor 0.5-0.6 V the valence band spike comes very close to
Even if the quantum process of tunneling has not been simuhe Eg, in the case of the thinner spacdi0 nm as can be
lated, the band diagram illustrates the possible location of theeen in Fig. &) and in the enlarged picture of the inset of
tunneling process. this figure. In this case the holes at the left side of the spacer
The simulation has been performed for the mesa edgésee” states at the same energy in the well, thus tunneling
region assumingl10) facets and the top surfa¢@00). The takes place. At small voltages, the electron-hole recombina-
facet regions correspond to thinner epitaxial layers due to thBon occurs in a very narrow space near to the spike of the
smaller growth rate. The parameters of the simulated strucsalence band, as can be seen from the diagram of the hole
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current in Fig. %c) for voltage of 0.6 V. The hole current 10°J(a)
drops very abruptly to zero in the well region. We can con-
clude that for thin spacers and low temperature the current 1073 )

through thep* —i junction at small forward voltages is lim- 1 siGe-LED '
ited by the region of the spacer and valence band spike. 107
Thus, holes which tunnel fromp™ region to the triangular
valley at the top Si/SiGe interface give the major contribu-
tion to the current. For thicker spacer of 30 fifig. 5b)]

the spike in valence band approactigs only for high in-
jection levels. Therefore, at low temperature and low forward
voltages the tunneling current through facets may dominate
the current.

At higher forward voltage, the valence band in the whole
SiGe becomes approaches the quasi Fermi-level as can be
seen in Figs. &) and 5b) the curves at 1.05 V. A high hole
density with a nearly uniform spatial distribution is obtained
in this case and the recombination extends to the whole SiGe
region[Figs. 5c) and 8d)]. Our EL investigations are lim-
ited to this diode regime (biased V).

It is worth to mention that at low temperature theV
curves show small oscillations of the logarithmic slope of the
forward current. These oscillations may be explained by th&!G- 6. Comparison of spectral photocurrent for Si. 1296 and Si
energy quantization in the spike region of the valence ban 0. 1597 diodes at(a) 50 K; and(b) 300 K.

(see Fig. 5.

We have seen in Sec. Il A that the plastic relaxation has(from 260 to 445 nmincreases the forward current by a
a strong influence on the PL and the EL spectra. The straify tor of 8 for strained diodes.
relaxation influences to some extend alsolth®/ character- To conclude,| -V measurements have provided useful
istics. A SiGe thickness of 260 nm is well above the criticalinformation about the carrier injection processes in SiGe di-

thickness for plastic relaxation. Therefore, large diodes ofqes and support the assumption for EL at high current levels

500 um size are relaxedsee Sec. lll . While the plastic  hat the injected holes are uniformly distributed within the
relaxation influences the forward current insignificantly, thegjge |ayer.

reverse current is increased by the presence of K&Jactor
of 10 for the 500um diodes, see Fig.)3For this type of
mesa diode, the forward current increases with voltage muc
faster and covers the leakage current due to MD regions. To The photocurrent measurements on EL diodes usually
understand the relative weak influence of the MDs on theprovide information about the optical transitions. In particu-
-V curves we have to keep in mind that the growth procedar the optical energy gap and the phonon energies can be
dure is local growth of small mesas by SEG. In this caseevaluated. We have performed spectral photocurrent mea-
most of the MDs extend from one of the side of the mesasurements on SiGe diodes comparatively with pure Si di-
diode to the other. Only few threading dislocatioffDs), odes. The short-circuit current of the diodes was measured
i.e., those at the ends of MDs exist in the diode bulk. Even ifusing a grating monochromator. The photon energy was var-
the mesas are plastically relaxed the MD density is muched in the range 0.9-1.55 eV and the temperature in the
lower than on extended areHsOn the contrary, the diodes range 50—300 K. The light intensity was calibrated using a
made on unpatterned areas have a high density of TDs st&e detector with known sensitivity curve. The spectral pho-
tistically distributed in the diode. The TDs which cross thetocurrent efficiencydp(hv) was obtained as the ratio of the
diode junction increase the current much more than MDs domeasured current and the photon number. Due to the uncer-
which lie buried in the bottom SiGe/Si interface plane, thustainty of the absolute intensity of the incident light, we con-
being parallel to the junction. Therefore, the current for di-sider here thdpc in arbitrary units, as the absolute value has
odes obtained by SEG is less increased by plastic relaxatiamo consequences for the analysis in this section.
than expected for diodes obtained by deposition on extended The SiGe diodes show a photocurrent signal due to car-
areas. While for thé—V curves of selectively grown diodes riers generated in the SiGe layer, but also from Si regions. To
the dislocations have little influence, significant changes ofdentify univoquely the SiGe contribution we have fabricated
the light emission are observed because of the carrier reconpure Si diodes, too. The spectral photocurrent curves
bination in the dislocation region, as seen in Sec. Il A. Jpd(hv) are shown in a logarithmic scale in Fig. 6 for SiGe
There also is an influence of the SiGe thickness on th@nd Si diodes at 50 and 300 K. For an easier comparison, the
current through the diode. The current and ideality factorspectra were normalized to unity at the photon energy of 1.5
increase by increasing the SiGe thickness due to the highe&V. At low temperature and below 1.15 eV there is a large
contribution of the generation-recombination processes. Falifference between the SiGe and Si spectra. At room tem-
example, an increase of the SiGe thickness by a factor of perature, this difference is smaller.

)

10°5 "\ Si-LED

104

photocurrent (a.u.)

;- Photocurrent spectroscopy
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From the low temperature spectra the optical energy gap 0.15 A . 4
can be evaluated. The photogeneration of the carriers has be FitSide: | Sice dioda™~
taken proportional to the absorption coefficient. The classical TO=55meV 50K
formula for the absorption coefficient of phonon assisted in- 0.10+ 1 SiGe: NP 270 5 3
direct transitions is given 1 ofme TR 1D emise. g
9 69 Fit SiGe: NP H2&
EL (25 *E"
(hv—E4* Ephon)z 0.054 TO o
a(hv)=A hy fct(Ephon’T)i ) T FA exper. 1
< N Si diode
= 4 = 50K
wheref = 11 exp(*Epnon/KT) +1]; + or — sign is for pho- 9,; 0.00 10 1 o~ 0
non absorptipn or emission transitionS,non, is phonpn en- fo ©) pov =
ergy, andg, is optical energy gap. The last factor in E@) . Si diode; 300K
is related to the phonon occupation function. In a plot of Fit Si: i
(ahv)¥? a linear dependence dmv is obtained with ex- ngigﬁ’f.’ﬂgifn";iv ~
trapolation to zero aEy+ Eypon. I SiGe the most probable TO=58meV ' exper—A—
indirect transitions are for transversal optical phonons, thus 0.5 y Si diode; 50K
Ephor= E1o. For NP transitions involving disorder, such as Fit Si: TO abs.+emiss. o
alloy disorder in SiGe, the spectral distribution of absorption Fit S5 T abs 4 fomy 50K
coefficient is similar to that in Eq1). For this NP absorption ' SRS TO emise
Ephor=0 andf,=1 must be taken. 0.0 +——rmamaprie . : ;
L 0.8 1.0 1.2 1.4 1.6
At low temperature, the near band gap absorption in hv (V)

SiGe is dominated by emission of TO phonons and by NP
processes. These transitions were not simultaneously eVHG. 7. Square root representation of spectral photocurfaitting curves
denced in previous articlés The present experimental data of NP and TO phonon emission optical transitidstted curvesand ex-

: : : erimental data of SiG&No. 1296 and Si(No. 1597 diodes at 50 K. The
allowed us to put into evidence both NP and TO assiste L spectrum of the same diode at 25 K and 10 mA is also shan:

tra.-nSitionls in the spectral .photocurrent due to the muc'?zvaluated Si contribution to photocurrent of SiGe diode at 50 K in compari-
thicker SiGe layers. Assumingp(hv)~a(hv), a sum of  son with data from the Si diodes at 50 and 30@d¢tted curves are fitting

the NP and TO expressions for the absorption coefficiengurves for TO phonon absorption and emission processes in Si regions
[Eq. (1)] was fitted to the experimental data of the spectral

photocurrent. The fitting curves of NP and TO emission tran'filling effect (Moss—Burstein effegtand by higher EHP den-

sition are shown in Fig. (8 in comparison with the experi- sity in EL experiments which corresponds to a smaller renor-
alized gap.

mental curves at 50 K for SiGe and Si diodes. An EL spec-
trum measured on the same SiGe sample at low current an By subtracting the SiGe(NPTO) generation parfdot-
Sed curve in Fig. 7@] from the total photocurrent, the Si

Ey(SiGe)=993 meV andEr,=55 meV, respectively. The
energy gap is lower than the expected value of 1002—-1007
meV forx=0.20%?-2°The smaller gap value found from our
spectral photocurrent data can be explained by a doping-
induced energy gap narrowing, as the corresponding sample
has a phosphorus doping 6f10*® cm™2 (Table .

As discussed above, the errors in energy gap evaluation
are higher at higher temperatures due to the superposition of #1296
spectra of many absorption processes in SiGe as well in Si 1025 strained SiGe 20%
regions(Fig. 6). However, the temperature dependence of the \

1075

bulk SiGe 20%

10501

optical gap was evaluated using the spectral photocurrent <
data for the SiGe sample at different temperatures. The re- GE’ 1000 from photocurrent
sults are shown in Fig. 8 in comparison with values obtained e *
. . . L s

from EL investigations. One can see that the gap energy N
evaluated from the spectral photocurrent is higher than that 975- A~a_ *\k_ﬁ\*\
evaluated from EL. This can be explained by electron hole “~a *\
plasma effects observed in EL experimefits. EL -10mA "

The phonon energli1o=55 meV obtained at 50 K from 950 . : : . : .

0 50 100 150 200 250 300

PC is in good agreement with the value 55—-56 meV obtained
from fitting the experimental EL spectra to the electron hole
plasma(EHP) model?® The optical gap valu¢Fig. 7(a)] is
higher than the value of 982 meV found from EL analysis at
lower current injection and low temperatu¢Eig. 8. The

T(K)

difference of about 10 meV can be explained by the bandhe band-gap of bulk SiGe witk=0.20 (Ref. 27, p. 127.
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