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Abstract 

The structural properties of HgSe grown by molecular beam epitaxy (MBE) are investigated for different lattice 
mismatches to the substrate and various growth conditions. The growth rate is shown to depend strongly on the 
growth temperature above lOO°C as well as on the Hg/Se flux ratio. It has been found that the crystalline perfection 
and the electrical properties are mainly determined by the layer thickness, especially for the growth on highly lattice 
mismatched substrates. Changes in the surface morphology are related to growth parameters. Differences between 
the electrical behavior of MBE-grown and bulk HgSe are discussed. The electrical properties of HgSe contacts on 
p-ZnSe are investigated as a function of different annealing procedures. 

1. Introduction 

The fabrication of Iow-resistance, ohmic con-
tacts to p-ZnSe is still one of the major problems 
in the technology of blue and green light emitting 
devices based on ZnSe and related compounds. 
At present, gold is the most commonly used con-
tact material which forms a Schottky contact with 
an offset of about 1.4 e V to the valence band of 
ZnSe. To obtain light emission, large voltages of 
10-20 V are needed to break down the reverse 
biased Aujp-ZnSe junction in a forward biased 
diode device. 

Recently Lansari et al. [1] produced nearly 
ohmic contacts to highly doped p-ZnSe by using 
HgSe. They observed smaller LED turn-on volt-
ages of 2-3 V compared to that of gold as a 
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result of the lower valence band offset of 0.6-0.8 
eV [2]. A p-type doped Hg 1 _ x Zn x Se graded layer 
was predicted to further improve the diode prop-
erties [1,3]. 

The potential of HgSe as a contact to p-type 
ZnSe has lead to an increased interest in investi-
gations of its MBE growth conditions. Until now 
very few publications concerning this matter have 
appeared in the literature [1,4]. In this article, 
characteristics of MBE growth of HgSe are pre-
sented and their influence on structural and elec-
trical properties of the resulting epilayers are 
discussed. 

2. Experimental details 

Epitaxial growth was carried out in a Riber 
2300 MBE system, equipped with a self-designed 
Hg effusion cell. The absolute Se flux was rou-
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tinely calibrated by depositing Se on cold GaAs 
and Si substrates, assuming the Se sticking coeffi-
cient to be unity. HgSe was grown on (001) CdTe 
and (000 ZnTe substrates, which have a lattice 
mismatch of 6.1 % and 0.27%, respectively. The 
substrates were chemo-mechanicaIly polished with 
a solution of Br in methanol, degreased in stan-
dard solvents, etched with HCI, thermally cleaned 
in vacuum at 350°C (under Cd flux for the CdTe 
substrates) and overgrown with a homoepitaxial 
buffer layer. Nitrogen-doped, p-type ZnSe layers 
were grown on GaAs (001) substrates in a sepa-
rate MBE growth chamber and transferred to the 
Hg chamber without breaking the ultrahigh vac-
uum (UHV). 

The thickness of the HgSe epilayers on all 
samples was determined directly with a depth 
profiler by measuring the height of a step caused 
by a contact mask on the substrates. The electri-
cal properties were determined using the Van der 
Pauw method for the Hall effect at 0.3 T. The 
data were analyzed with a one-charge carrier 
model. The crystalline quality of the epilayers was 
investigated by means of the (004) Bragg reflec-
tion in a high-resolution five-crystal X-ray diffrac-
tometer. Electrochemical C-V profiling was used 
to determine the carrier concentration in the 
ZnSe : N layers. 

3. Results and discussion 

The growth rate of HgSe depends strongly on 
the growth temperature, as shown in Fig. 1. This 
indicates a much higher desorption rate for HgSe 
than for HgTe whose growth rate remains nearly 
constant over the same temperature range [5]. 
The exponential fit indicated in Fig. 1 gives an 
activation energy for the desorption of only 0.22 
± 0.03 eV. This value is lower than 0.51 and 0.52 
eV, which are the congruent heats of sublimation 
for Hg(g) and Se n (g), respectively, in equlibrium 
with crystalline HgSe [6]. Heating HgSe in UHV 
shows that chemi-desorption is negligible for tem-
peratures below 200°C. Therefore the observed 
decrease in the growth rate is related to the 
precursor state and not to the chemisorbed state. 
H should be mentioned that one is limited to 
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growth temperatures lower than 120°C for useful 
growth rates of HgSe. 

In addition to its dependence on the growth 
temperature, the growth rate is also influenced by 
the Hg flux. Fig. 2 indicates the presence of 
distinctly different behavior of the growth rate for 
two ranges of Hg fluxes. The growth rate in-
creases with increasing Hg/Se beam pressure 

'L 

-----

o 

< 1.2 t- i 

Q) 

~ 1.0 (-
H 

..::: • 1 re (I.x 

~ 
b() 

::r:: Of) 

(H 
n 

Hg/Sc flux ratio PH,jPS, 
100 200 300 

• 

...• 

- 0.8 

- 0.7 ;: 
() 

'u 
0.6 EE 

Q) o 
u 

0.5 gp 
:;;:: 
u 

''':; 
0.4 ~ 

rJJ 
8" = 0902 ± 0.003 
Po = (4.39 ± O.(4)x H(' Torr ........... ~. 0.3 

2 J 4 5 

Hg beam prcssUfP PII" (10-4 Torr) 
Fig. 2. The growth rate of HgSe and the Se sticking coefficient 
versus the Hg beam pressure and Hg/Se flux ratio. 



S. Einfeldt et al. / Journal of Crystal Growth 138 (1994) 471-476 473 

ratio (in the following loosely referred to as flux 
ratio) as long as this ratio is lower than 50. This 
behavior is well known for the MBE growth of 
binary compounds AB (see, e.g., ref. [7]) and is 
indicative of growth under B-rich conditions, i.e. 
Se-rich conditions. This is the case in spite of the 
apparent excess of Hg, due to the extremely low 
Hg sticking coefficient. Polycrystalline growth oc-
curs for Hg/Se flux ratios smaller than 20. For 
Hg/Se flux ratios higher than 50, the growth rate 
decreases exponentially, which might have several 
causes. A possible explanation is the prevention 
of the incorporation of Se into the crystal due to 
screening of the surface by a high surface concen-
tration of Hg atoms in a physisorbed precursor 
state. Another mechanism could be the scattering 
of the Sen (n = 6, 5, 7, ... ) molecules by the high 
density of Hg atoms in the Hg beam. Recently, a 
similar but less obvious dependence on Hg flux 
was determined for the growth of HgTe by means 
of oscillations in the reflection of high-energy 
electron diffraction (RHEED) [5]. It is unclear at 
the present as to which mechanism (or combina-
tion of both) is responsible for the large decrease 
in HgSe growth rate. 

The dependence of the growth rate on both 
the growth temperature and the Hg flux led us to 
study the structural properties of the HgSe layers 
as a function of their thickness in detail. Fig. 3 
demonstrates that the crystalline quality of HgSe 
grown on highly lattice-mismatched CdTe de-
pends strongly on the layer thickness. The best 
HgSe samples, i.e. thick layers, have rocking 
curves with a full width at half maximum (FWHM) 
down to 220 arc sec. The large dislocation density 
at the HgSe/CdTe interface becomes smaller 
with increasing thickness due to a healing pro-
cess. The growth on nearly lattice-matched ZnTe 
provides partially strained layers which relax at a 
critical thickness de with subsequent generation 
of dislocations. This is clearly demonstrated by 
the maximum in Fig. 3 at d = 0.5 p,m. Hence the 
critical thickness for HgSe on ZnTe must be 
smaller than 0.5 p,m, which is in fair agreement 
with the value of de = 0.25 p,m obtained from the 
model of Matthews and Blakeslee [8]. Other 
models give values as small as 23 nm [9] or as 
large as 2.4 p,m [10]. 
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The change of the crystalline quality with layer 
thickness is accompanied by a change in the 
electrical properties, as shown in Fig. 4 for the 
growth on CdTe. The mobility at 300 K is limited 
mainly by the crystal perfection which gets worse 
near the substrate interface. Moreover, the Hall 
data indicate that the higher dislocation density 
causes an increase in the carrier concentration, 
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i.e. is related with the generation of donors. How-
ever, this is inconsistent with measurements of 
the interband absorption whose interpretation re-
quires a nearly constant carrier concentration [11]. 
In the case of the MBE growth of HgSe on highly 
lattice-mismatched CdTe substrates, thc depen-
dence of the crystalline quality on the layer thick-
ness is shown to be much stronger than its depen-
dence on any growth parameter, i.e. growth tem-
perature or Hg/Se flux ratio. Mobilities of the 
best, i.e. thick, epilayers range from 12000 cm2 IV 
. sat 300 K to 44000 cm2/V' sat 20 K. 

The surface of HgSe samples exhibits .rectan-
gular pyramidal hillocks similar to those observed 
on epitaxially grown (001) HgCdTe (see, e.g., ref. 
[12]). The density of these hillocks is 6 X 104 to 
5 x lO s cm- 2• Furthermore, an additional "mac-
roscopic" roughness was observed which depends 
on the growth parameters. Surface scans pre-
sented in Fig. 5 show a decrease in the roughness 
with decreasing growth temperature and increas-
ing Hg/Se flux ratio. The surface roughening is 
possibly related to the Hg coverage of the growth 
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surface, which decreases with higher tempera-
tures and lower Hg fluxes. 

Comparing the electrical data of our samples 
to bulk HgSe, we observe a stronger than ex-
pected decrease in the carrier concentration at 
lower temperatures, as shown in Fig. 6. The 
dashed line is the expected behavior, calculated 
using the method and parameters published for 
bulk HgSe [13]. Assuming that the band structure 
parameters are correct, the deviation for MBE 
grown HgSe can be explained by (1) postulating 
more than one type of charge carriers, (2) assum-
ing a temperature dependence for the aonor con-
centration, or (3) supposing different scattering 
mechanisms which would change the carrier con-
centration as calculated from the experimental 
Hall constant. At present none of these explana-
tions could be shown to be the correct one. 

In order to study the electrical properties of 
HgSe contacts on p-ZnSe, contact stripes (3.1 
mm X 0.5 mm) of p-ZnSe (p = 4 X 10 17 cm- 3) 

with five equidistant mesas (0.1 mm X 0.5mm) of 
HgSe(250 nm) INi(30 nm) I Au(220 nm) were fab-
ricated using standard photolithographic, etching 
and lift-off techniques. Three- and four-point 
measurements provided the contact resistance 
and the resistivity of the p-ZnSe layer, respec-
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tively. The samples were annealed in nitrogen 
atmosphere in order to produce a graded gap 
(HgSe-ZnSe) by Hg-Zn interdiffusion [14]. I-V 
curves measured between two HgSe contacts af-
ter annealing for different periods of time at 
300°C are shown in Fig. 7. By extrapolating the 
linear part of the curve at high voltages to 1= 0, 
typical voltage offsets of 1-2 V are obtained 
which are consistent with the values reported in 
ref. [1] for this hole concentration in p-ZnSe. 
Annealing the samples does not result in a ohmic 
behavior of the contacts, as has been shown for 
HgTe /p-CdTe contacts [15], but increases the 
total resistance as illustrated in Fig. 7. This is 
mainly due to an increase in the resistivity of the 
p-ZnSe layer during annealing, as determined by 
four-point measurements, see Fig. 8. C-V mea-
surements showed that the hole concentration in 
p-ZnSe decreased by annealing, but only in a 50 
nm thick region near the surface by less than a 
factor of 4. Since this change in the hole concen-
tration is too small to explain the increase in the 
resistivity, annealing seems to reduce the hole 
mobility. The physical background of this effect is 
not understood at present. 
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The contact is not ohmic, as can be seen in the 
nonlinear I-V curves of Fig. 7. However, the 
voltage drop across the contact as determined by 
three-point measurements was taken as a figure 
of merit for the contact. This value was reduced 
by 0.5 to 1.5 V upon annealing at temperatures 
up to 200°e. All experimental results lead to the 
conjecture that ohmic behavior of HgSe/p-ZnSe 
contacts cannot be obtained by annealing and 
that a graded gap between HgSe and p-ZnSe, 
which should display ohmic behavior, has to be 
grown by MBE. 

4. Conclusions 

The influence of MBE growth parameters on 
the structural properties of HgSe was investi-
gated. The growth rate was shown to depend on 
the growth temperature and the Hg/Se flux ra-
tio. For the growth on highly lattice-mismatched 
substrates, the crystal perfection is determined 
mainly by the layer thickness and less by growth 
parameters. MBE-grown HgSe shows significant 
differences in electrical behavior compared to 
bulk HgSe. Electric contacts to p-ZnSe by means 
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of HgSe do not exhibt ohmic behavior after an-
nealing, whereas the resitivity of annealed p-ZnSe 
increases significantly. 
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