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Abstract 

Investigations of luminescence in diffusion ZnSe layers have revealed a  
pronounced ‘blue’ band in both p- and n-layers doped with the chemical  
elements of I-VI groups. We have discussed the nature of acceptor centres,  
luminescent properties and the mechanisms for radiation recombination in the 
material under study. 
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Introduction 

Physical parameters of zinc selenide make it one of the most promising materials for 
modern electronics. The band gap of ZnSe (Eg ≈ 2.7 eV at 300 K) almost completely cov-
ers the visible spectral range, expanding to its blue region. However, a number of techno-
logical obstacles complicate development of injection sources for spontaneous and stimu-
lated emission. In particular, construction of the corresponding devices would require 
materials with high n- and p-conductivities that possess high edge luminescence at  300 K 
[1]. On the contrary, the now available bulk crystals of ZnSe are characterised by weak 
electron conductivity and intense red-orange band in their emission spectrum. The latter 
band is caused by recombination at the associative centres formed by doubly-charged 

negative vacancies of zinc ZnV ′′  (acceptors) and singly-charged positive vacancies of sele-

nium •
SeV  (donors) [2]. Any variation of parameters of a material should involve a con-

trolled change of its point defect ensemble. In a wide sense, we can classify these defects 
as intrinsic (vacancies, interstitial atoms) and impurity defects. Unfortunately, the doping 
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of the crystals is insufficient to achieve a required type and magnitude of its conductivity, 
or to gain light emission in the short-wave spectral range, increase time stability, etc. To 
solve these problems, one should perform some additional post-growth technological  
operations.  

An alternative approach can also be found aiming to use thin films [3] rather than 
bulk crystals. The layers of II-VI compounds are usually obtained by annealing of the 
melt, ion implantation or epitaxy. However, each of these methods has its disadvantages – 
weak solubility of II-VI compounds in low-volatile metals, toxicity of the reagents, high 
cost or complexity of the equipment, etc. [4]. These disadvantages might be successfully 
avoided using a diffusion of hetero- and isovalent compositions, a technological approach 
employed for doping of elementary semiconductors and III-V compounds [5]. The pre-
liminary studies [5] have shown that the method is also applicable to wide-band II-VI 
compounds. This technological universality makes it a timely and very important task to 
investigate the technology for diffusion layers of zinc selenide, aiming to obtain the mate-
rial with high n- and p-conductivity and efficient emission in the blue spectral interval, as 
well as to study their luminescence properties. 

Sample preparation and experimental procedure 

The diffusion layers were formed on the basis of non-doped ZnSe crystals grown from 
the melt in noble gas atmosphere with the Bridgman-Stockbarger technique. The samples 

had weak electron conductivity (~ 10–10 Ω–1 cm–1) at the room temperature. To perform 
diffusion, we cut the substrates with dimensions of 4×4×1 mm3 from the crystals obtained 
and then subjected them to mechanical and chemical polishing in the CrO3:HCl solution 
diluted in the proportion 2:3. The doping was performed from the vapour phase in a 
closed volume, using several chemical elements from I-VI groups of the periodic table as 
doping impurities. The substrates of ZnSe were loaded into quartz containers, pumped out 
to 10–4 Torr and sealed. The diffusion process was carried out in isothermal conditions at 
the temperature T = 1100 K. The doping impurity and the substrates were situated at the 
opposite ends of the container. The technological cycle was concluded by annealing, re-
sulting in formation of the surface layers with different conductivities. The conductivity 
was estimated from the measurements of thermal voltage and studies of electro-physical 
properties of the films.  

Ohmic contacts to the samples obtained by us were made by soldering indium to the 
n-type layers and by chemical deposition of copper to the p-type material. The depth of 
electrically-active centres was determined from the plots of resistivity vs temperature. A 
wide choice of doping impurity elements from the I-VI groups of the periodic system al-
lowed us to obtain the layers of desired thickness and topology, with different conductiv-
ity types with respect to the basic crystal.  

The spectra of optical reflection, absorption, transmission and luminescence of the 
resulting material were studied using the universal optical setup, consisting of a diffrac-
tion monochromator MDR-23, systems of standard synchronous detection and registra-
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tion, as well as emission sources. Photoluminescence (PL) was excited by a nitrogen laser 

with the wavelength λm ~ 0.337 µm. The illumination level varied by four orders of mag-
nitude with a set of calibrated filters. The transmission and reflection were studied for a 
100 W halogen lamp producing a continuous spectrum. The measuring complex enabled 

to study all the required characteristics in both a standard and λ-modulation modes at the 
main and doubled frequencies. The application of this technique revealed some singulari-
ties in the optical spectra, which would have been unobservable under standard measure-
ments. All the spectra were recorded automatically and corrected according to the error 
function of the equipment. 

Results and discussion 

Doping by the elements of I, II and IV–VI groups from the vapour phase has allowed us 
to obtain the diffusion layers with intense edge emission. The spectrum of the latter at 

T = 300 K lacks any structure and embraces the energies �ω ~ 2.4 ÷ 2.8 eV. At the same 

time, we have found that the luminescence of the diffusion layers features several com-
posite bands formed by different recombination processes. Here we consider the nature 
and formation mechanisms of defect centres responsible for these transitions. In order to 
simplify interpretations, the characteristics observed are compared with those of the ini-
tial material. 

The luminescence and the electro-physical properties of non-doped original ZnSe 
crystals are defined by the intrinsic point defects of the material, mainly composed by 

•
SeV  and ZnV ′′  [2], with the former created by donors compensating hole conductivity. Re-

combination of electrons localised at Se vacancies with the free holes produces low-
intensity emission in the blue region. The main contribution to the luminescence spectrum 

is thus made by transitions of the associative centres ( ZnSeVV ′• ) determining the intense 

red-orange band with the maximum at �ω m ~ 1.98 eV [2, 5] (see Fig. 1). 

Doping of ZnSe crystals with the elements of I and V groups leads to formation of 
diffusion layers with a characteristic predominant intense emission in the blue region of 
the spectrum and inversion of material conductivity. The luminescence spectra of these 
layers at 77 K contain several components denoted here by symbols А, В and С (see 
Fig. 1) for the case of doping elements of V group, and with the letters D, E and F for the 
doping elements of I group. The dominating bands В and Е result from doping with the 
aforementioned impurity elements. These bands are defined by emissive transitions at the 
acceptor centres, which are caused by replacements of ZnSe in the cation and anion 
sublattices. In the case of doping with the elements of V group, simple acceptor replace-
ment centres AsSe, SbSe and BiSe are formed [6], which is proved by electron paramagnetic 
resonance (EPR). According to our electro-physical studies, the ionisation energy of these 

centres comprises 110 ÷ 130 meV, which corresponds to the position of �ω m maxima of 

the band Eg – �ω m + kT/2 with a precision of kT. At the same time, even this “elementary 
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band” is characterised by asymmetric spectrum with an abrupt high-energy end and 
smoothly-sloping low-energy side, as shown in Fig. 2 for the particular case of ZnSe:Bi 
layers.  

These luminescence spectra are characterised with �ω m independent of the excita-

tion level L, while the increase of the latter is accompanied with growing half-width �ω ½ 

of the spectra and the emission intensity in the low-energy spectral region. These proper-

ties are characteristic for the carrier recombination through the local centres under pho-

non interaction [7]. According to the Yuls-Kreger model, the total luminescence spectrum 

obeys the law 
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where the sign “+” corresponds to absorption of phonon with the energy �ω 0, and “–“ to 

its emission.  

 
 

Fig. 1. Intensity-normalised PL spectra for the initial ZnSe crystals (curve 1) 
and diffusion layers of ZnSe:Bi (curve 2) and ZnSe:K (curve 3) with р-type of 
conductivity. The illumination intensity is 1015 photons per second and the 
temperature T = 77 K. The upper panel shows band diagrams for the  
emissive transitions in ZnSe:Bi (а) and ZnSe:K (b) layers. 

a                                    b 
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Fig. 2. Standard (curve 1) and differential (curve 2) PL spectra for the diffu-
sion ZnSe:Bi layers. The components are calculated according to Eq. (1). 
The inset shows positions of the maxima and intensity of the impurity band 
as functions of excitation level for Т = 77 K. 

The parameter σ is connected with the band half-width as 

)2ln8/(2/1 ⋅= ωσ � ,    (2) 

with the amplitude of the n-phonon band given by  

!/
0

nMNN
n ωω = .     (3) 

Here M  is a degree of electron-phonon interaction determined by the ratio 

1ωN /
0ωN . As seen from Fig. 2, the calculated bands generally provide an acceptable ex-

planation of the experimental spectrum. The positions of the phonon bands in the differ-

ential spectra measured with λ-modulation method correspond to equidistant peaks 

(�ω 0 = 31 meV). The main band is caused by electron recombination taking place be-

tween the conduction band and deep acceptor levels formed by AsSe, SbSe and BiSe centres. 
These mechanisms determine the p-type conductivity of the diffusion layers obtained by 
us. 

The hole conductivity may be also caused by interstitial atoms of Sei formed upon 
diffusion of V group elements [6]. This process leads to appearance of the А band in the 
luminescence spectra, for which the difference of the energies,  

Eg – �ω m + kT/2 = (2.70 – 2.68 + 0.013) eV= 0.033 eV, 

is close to the activation energy of a shallow acceptor level of Sei. The emissive transi-
tions via this level would form a dominating illumination edge. The intensity suppression 

observed for the orange band (�ω m ≈ 1.98 eV) is caused by decreasing •
SeV  concentration, 

which occurs as a consequence of “healing” of VSe by the elements of V group. This phe-
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nomenon decreases the concentration of donor-acceptor pairs ( •′′ SeZnVV ), which are re-

sponsible for recombination causing the orange emission. It is worthwhile that •
SeV  va-

cancies compensate the hole conductivity of ZnSe [2, 6], decreasing the concentration of 
holes and imposing a conductivity reversal.  

The luminescence of ZnSe diffusion layers obtained under the doping with the ele-
ments of I group is defined by a dominating band E (see Fig. 1). This band is formed by 
the transitions via acceptor centres LiZn, NaZn and KZn, which are generated upon replace-
ment of cations in zinc selenide sublattice. The differential optical transmission spectra 

ωT ′  and the temperature dependence of the conductivity have enabled determining the 

position of the acceptor levels as 120–150 meV, which increases for the case of impuri-
ties with higher atomic weights. The diffusing atoms “heal” the vacancies of zinc. Being 
introduced in smaller concentration, they eventually cause extinction of the red-orange 
emission (Fig. 1), since they represent a second partner in the associative centres 

( •′′ SeZnVV ) responsible for the band mentioned above. 

Diffusion of the impurity atoms into the crystalline lattice introduces deformations. 
In the first approximation, this effect appears due to difference of covalent radii of the 
doping atoms (1.32 – 1.98 Å) and the zinc ones (1.27 Å). The deformation process is ac-
companied by generation of vacancies in the selenium sublattice. The donors are formed 

in the singly-charged state ( •
SeV ) and recombination of the localised electrons with the 

free holes induces the edge emission of the diffusion layers (Fig. 1). The generation of VSe 
has been indirectly confirmed by annealing in the mixed vapours of Li and Se [8], which 
leads to “healing” of the vacancies and intensity quenching for optical bands due to low-
ering concentration of the corresponding recombination centres. During this process one 
also observes increase in the р-type conductivity of ZnSe:Li,Se layers, in comparison 

with ZnSe:Li, as a consequence of lower concentration of the compensating donors •
SeV . 

The edge emission of the diffusion layers doped with the atoms of I group (the same 
concerns to the elements belonging to V group) contains two main bands attributed to 

recombination involving shallow donor ( •
SeV , with Ed ≈ 30 meV) and deep acceptor levels 

(with Ea ~ 0.12 – 0.15 eV). λ-modulation studies of their luminescence spectra have al-

lowed clear separation of the components mentioned (see Fig. 3). The differential curves 

ωN ′  at low energies intersect the abscissa at different points, which determine the posi-

tions of acceptor centres in ZnSe. The equidistant bands correspond to electron-phonon 
interaction processes at the deep LiZn, NaZn and KZn centres. The distance among these 
bands points to the energy of longitudinal optical phonon in ZnSe. In the high-energy re-

gion, all the ωN ′  curves intersect the energy axis at a single point, proving the existence 

of single recombination centres of the type of •
SeV , which are responsible for the observed 

emission according to the Klasens scheme for the p-type layers. 
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Fig. 3. λ-modulated PL spectra for the layers ZnSe:Li (curve 1), ZnSe:Na 
(curve 2) and ZnSe:K (curve 3). Light flux is L = 1016 photons per second 
and the temperature Т = 77 K. The inset shows band diagram of the light 
emitting transitions. 

 
The presence of oppositely charged centres in the diffusion ZnSe:K and ZnSe:Na 

layers activates formation of donor-acceptor pairs ( •′ SeZnVaN  or •′ SeZnVK ). The optical 

transitions of carriers between the partners of such the associates determine the nature of 
the emission band F (see Fig. 1). This band has low intensity due to a low concentration 
of singly-charged donor-acceptor pairs, which is about 3÷4 orders of magnitude lower 
than that of doubly-charged defects [9]. In general, the edge emission of the diffusion 
layers based on ZnSe crystals and formed by doping with the elements of I group can be 
completely explained by the transitions of carriers shown in Fig. 1 (see the inset b). 

The diffusion layers of ZnSe doped with the elements of I and V groups can emit 

light quanta with gE≥ω� , which is proved by a singularity observed in the correspond-

ing differential spectra ωN ′  (see Fig. 3). The position of this singularity does not depend 

on the excitation level L and features the temperature dependence of �ω m similar to that 

of Eg(T). Such the properties are inherent for the inter-band recombination of free carriers 
[10]. In this case the spectral distribution of the emitted emission is given by  
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The spectral curves calculated with Eq. (4) agree well with the experimental data 
(see Fig. 1). It is worth special mentioning that the inter-band luminescence is observed 
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for every ZnSe sample obtained with the diffusion method. Therefore all the following 
spectra, including the edge emission area, feature this component, too. 

In addition to the case of diffusion with the elements of different valences, the effi-
cient blue edge emission can also be achieved with isovalent impurities and, in particular, 
magnesium (see Fig. 4). This luminescence would be evoked by exciton nature of a pre-

dominant emission [11], which results in a red shift of �ω m maxima upon increasing L 

and the luminescence intensity dependence I ~ L1.5 (see the inset in Fig. 4). These features 
are also characteristic of annihilation of excitons upon inelastic scattering at free carriers 
[12]. The emission of the diffusion layers of ZnSe:Mg includes a whole set of properties, 
such as anomalously high temperature stability up to 500 K [13]. This peculiarity is ex-
plained by a significant localisation degree of carriers at the isovalent impurities, when 
compare with that for the impurity atoms with different valence. A modern physical 
model used in this case is based on the assumption about short-range potential of isova-
lent impurities [14]. Then the charge redistribution is accompanied by local deformation 
of crystalline lattice, which triggers generating intrinsic point defects. The nature of the 
latter determines the conductivity type of the material. In particular, the diffuse layers of 
ZnSe doped with isovalent Mg impurity become a p-type material. For determining the 
type of the corresponding intrinsic lattice defects we have performed calculations based 
on the concept of effective charge Q* [14, 15], permitting to involve interstitial selenium 
defects Sei [16]. These acceptor centres should be responsible for the р-type conductivity 
of ZnSe:Mg layers, for which the dominating edge emission of excitons is typical. 

 

 

Fig. 4. Intensity-normalised PL spectra measured at Т = 300 K for the initial 
crystals ZnSe (1) and the layers obtained by doping with Zn:Mg in the pro-
portion 1:0 (curve 2) and 0.5:0.5 (curve 3). A is a compound band caused by 
inter-band recombination. 

Beyond any doubt, the most important feature that concerns possible applications of 
diffusion layers is suppression of their red-orange emission characterised with 
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�ω m ≈ 1.98 eV, owing to such isovalent doping impurity as Mg (see Fig. 4). Our studies 

of the long-wave absorption edge and λ-modulated reflection have revealed no changes in 
either Eg or the character of optical transitions, which suggests direct-band nature of the 
material, proving at the same time that no solid solutions MgXZn1-XSe are formed, at least 
for the case of large x values [13, 16]. 

Using the similar diffusion methods, it is possible to obtain ZnSe layers with higher 
electron conductivity, when compare to that of the initial crystals. This improvement may 
be reached by doping the material with the chemical elements of IV group. In particular, 
using the amphoteric impurity of Sn, we have produced the n-type conductivity of 

1 ÷ 10 Ω –1cm –1 [17]. It is determined by the donors SnZn formed during the replacement 

processes in the cation sublattice accompanied with generation of VSe. The temperature 

dependence of the conductivity σn(T) facilitates determination of positions of these levels 

(~ 10 meV and 30 meV, respectively). The amphoteric character of the doping impurity 
also results in replacement process taking place in the anion sublattice and producing the 
acceptor centres SnSe with the ionisation energy of ~ 70 meV. However, the concentration 
of the latter is much lower than that of the donor levels, thus explaining a prevalent n-type 
conductivity of the material. At the same time, all the impurity centres contribute signifi-
cantly to the edge emission observed in the ZnSe layers. 

Contrary to the non-doped zinc selenide, the emission of the diffusion layers with 
amphoteric impurities is in general characterised with high intensity and can be observed 

in the short-wavelength region only (for the photon energy �ω ≥ 2.4 meV). Our meas-

urements performed at low temperatures (77 K or somewhat higher) have enabled resolv-
ing at least three bands, tentatively denominated as В1, В2 and В3 (see Fig. 5). The band В1 
has the spectral dependence which is well approximated by Eq. (4) derived for the inter-
band recombination of free carriers. The extrapolation of low-energy end of В1 towards 
the photon energy axis yields a value of 2.81 eV. This agrees well with the band gap of 

ZnSe at 77 K. The position of the band �ω m does not depend on the excitation level L, 

while the band intensity is quadratic in it (I ~ L2). 
The component В2 manifests rather different properties. Similar to ZnSe:Mg layers, 

the dependence of the luminescence intensity can be described with the power law 

I ~ L1.5, with �ω m being red-shifted for increasing L. These properties are characteristic of 

emission of excitons upon their inelastic scattering at free carriers [12]. It is to be noticed 

that the difference between Eg and �ω m for the В2 band is less than 14 – 20 meV, thus 

agreeing well with the binding energy for the free exciton (EFE ≈ 16 – 24 meV for ZnSe 
[2]). This is why we are inclined to suggest that the band В2 under discussion is associ-
ated with the free excitons. 

The peak position for the third band В3 (�ω m ≈ 2.74 eV at T = 77 K) is independent 

of L, which is peculiar for the recombination via local centres. Taking into account the 
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difference between Eg and �ω m (~ 70 meV), one can assume that the light emitting transi-

tions involve the centres formed by SnSe. Moreover, under certain illuminations L it is 
possible to resolve several equidistant bands in the low-energy region, which are sepa-
rated roughly by ~ 30 meV intervals. This agrees with the energy of LO-phonon. Gener-
ally, the total spectrum of this component can be explained in framework of the Yuls-
Kreger model and Eq. (1), similarly to the situation with the diffusion layers obtained by 
doping with the elements of I and V groups. This proves strong electron-phonon interac-

tion of the local centres. Its degree M  determined from Eq. (3) enables us to calculate 

the shape of the band В3. Using the experimental parameters M  = 0.81 and  

σ 2 ≈ 1.2·10 –3 eV, we have calculated the band contour with Eq. (2). The calculations 
have given a result that fits well the experimental curve, if one assumes the emission of 
four LO-phonons (see curve 3 in Fig. 5). 

Our results for the luminescence of the diffusion ZnSe layers highlight significant 
prospects for the applications of this material. In the first place, the layers obtained by us 
are very promising owing to their blue emission which, according to our estimations, has 

the efficiency of η ≈ 4 – 8%. The latter value may be considerably improved up to 

η ≥ 20%, when isovalent doping impurities (in particular, Mg) are used. Such an effi-
ciency boost might be ascribed to peculiar properties of isoelectron states in semiconduc-
tors [14, 18]. As already mentioned above, the layers are characterised by a high carrier 
localisation at the isovalent impurities, which should in turn lead to both temperature and 
emission stabilities. The intensity of the exciton luminescence increases practically line-
arly with increasing temperature, while its absolute value decreases only twice on reach-

 

Fig. 5. PL spectra of the diffusion layers ZnSe:Sn measured at T = 77 K 
under excitation levels L = 1018 (curve 1) and 1016 kW/s (curve 2). Curve 
3 shows the spectrum calculated according to Eq. (1). 
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ing 500 K [12]. Let us remark that the isovalent impurities also cause increasing emission 
stability of the luminescence parameters and the characteristics of material [18]. 

One of the most important conclusions concerns a possibility for controlling the con-
ductivity type and its magnitude in case of the diffusion layers obtained while doping 
them with the elements of I-VI groups. This fact opens a wide road to creation of efficient 
p-n-junction capable to emit blue light and characterised with high temperature stability.  

Conclusions 

Doping of zinc selenide with the chemical elements of different groups of the periodic 
table using the vapour phase has allowed us to obtain layers with comparatively high n- 
and p-conductivities. The optimal choice of the elements has enabled variation of con-
ductivity type of the resulting materials, so that one can get the layers of desired thick-
ness, which are capable of emitting in the blue spectral region. This emission is formed 
by several bands contributing to total spectrum differently, depending on the doping im-
purity used. In general, the edge emission originates from recombination of charge carri-
ers at the local centres and inter-band transitions, as well as annihilation of the excitons. 
The diffusion layers obtained by us have good prospects for practical applications. They 

allow generation of photons with the energy �ω ≥ 2.4 eV and are capable to work in the 

stimulated emission regime. 
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Анотація. Досліджено люмінесценцію шарів ZnSe, одержаних за методом дифузії. Пока-
зано, що існує цілий набір елементів I-VI груп, які дають змогу одержати шари n- та p-
типу провідності з ефективним випромінюванням в синьо-голубій області спектру. Розгля-
нуто природу акцепторних центрів, пояснено люмінесцентні властивості, а також 
механізми випромінювальної рекомбінації. 


