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Photodiodes with p—n junctions formed by ion etching of p-Hg; .Mn,Te (x =0.1) are reported. The multielement photodiode ar-
rays for mid-infrared region were fabricated using surface passivation, photolithography and three-layer metallisation pro-
cesses. The absorption curves of the crystals found from optical measurements are treated within the Kane theory for semicon-
ductors with highly nonparabolic energy bands. The parameters of the diodes are obtained from their electrical study. It is
shown that due to strong degeneracy of the n*-layer the Hg; Mn,Te diode structure can be considered as one-sided abrupt
n*-p junction with the banier height larger significantly than the semiconductor bandgap. The diode responsivity spectra are
interpreted in the framework of model taking into account the generation of photocarriers in n*- and p-regions as well as in the
depletion layer. The diode photoresponsivity in the region of the photon energies below semiconductor bandgap is shown to be
caused by the gentle slope af the observed absorption edge. Temperature measurements reveal essential peculiarities of carrier
tunnelling in the diodes. Invoking the general expression for the tunnelling probability and taking into consideration the oppos-
ing flow of electrons allow the observed tunnelling decay at low reverse biases to be explained. The zero bias resistance-area
product (R,A) for the Hg.Mn,Te diodes with cutoff wavelengths 7—8 and 1011 ym amount up to 20-30 and ~500 2 cm?, re-

spectively, indicating the photodiodes under study to be competitive with Hg; ,Cd,Te photovoltaic detectors.

Keywords:
1. Introduction

As early as the 1960s, Hg; ,Mn,Te alloy has been known
as an interesting semimagnetic semiconductor (see, for ex-
ample Ref. 1), and during the last 10-15 years, the
Hg,,Mn,Te with x = 0.1 is considered as a promising ma-
terial for mid-infrared applications [2-7]. This semicon-
ductor is attractive primarily due to higher mechanical
strength and thermal stability relative to Hg; (Cd,Te. Elec-
trical, optical, and other properties of Hg;,Cd,Te and
Hg, .Mn,Te at zero magnetic field turn out to be closely
similar. To produce p-n junction, techniques used for man-
ufacturing of Hg, ,Cd,Te photovoltaic detectors (diffusion
and ion implantation in particular) were successfully ex-
tended to Hg,  Mn,Te [4,5,7,8]. As to the Hg, ;Mn,Te di-
odes, their main electrical and photoelectric characteristics
are comparable to those of Hg;,Cd,Te diodes as well.
Theoretical analysis has shown that the Hg; Mn,Te
photodiode performance is quite attainable for a practical
implementation [8,9]. However, against the backgrounds of
the detailed theoretical consideration, experimental studies
of the Hg,,Mn,Te photodiodes seem to be inadequate:
only a few papers on this subject have been published
[4,5,7]. This study presents the mid-infrared Hg; ,Mn,Te
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photodiodes with p—n junctions formed by ion etching (ion
beam milling), the technique borrowed from Hg;.Cd,Te
technology [10,11]. The paper is primarily devoted to the
diode photoelectric properties, particularly spectral
responsivity and detectivity. Their interpretation, however,
is impossible without determining the optical absorption
characteristics of the material, the diode energy diagram
and parameters that are also presented in the paper.

2. Photodiode fabrication procedure

For photodiode fabrication, the Hg,.,Mn,Te (x = 0.1) sin-
gle crystals grown by a modified Bridgman technique were
used [12]. As-grown crystals were p-type with a hole con-
centration found from Hall measurements as high as ~10"7
cm~3. To reduce the hole concentration and to improve the
crystal uniformity, the low-temperature annealing was car-
ried out in a closed avacuated quartz ampoules at
200-300°C for a few weeks. The Hg;.,Mn,Te wafers with
the hole concentration p = (2-5)x10'¢ cm= were selected
for the photodiodes studied.

After mechanical and chemical treatment of the
Hg, ,Mn,Te wafers, standard photolithography methods
with photoresist as a protection coating were used to define
the active area of the photodiodes. A low-energy ion bom-
bardment, the technique usually applied for ion etching in
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microelectronics technology, was carried out to form a thin
n-type layer (~1 pm) on the p-type substrates. The ion
bombardment were performed in a common ion etch sys-
tem generated a highly collimated argon beam of 500—1000
eV energy and 0.5-1 mA/cm? current density.

For minimising the surface leakage currents and reduc-
ing the density of slow trapping states, an anodic fluoride
layer (0.01-0.03 pm) was grown on Hg; Mn,Te from
non-aquaous solution of NH,F in ethylene glycol in elec-
trochemical cell with a platinum electrode. As X-ray photo-
electron spectroscopy analysis shown, the main part of the
anodic layer is a mixture of mercury, manganese and tellu-
rium fluorides [13]. Constant current density of 0.6-3.0
mA/cm? was employed thus resulting in continuous,
non-porous and reproducible passivation layers. An addi-
tional ZnS film (~0.3 pm) fulfilling the function of both
protection and antireflection coating was deposited using
vacuum evaporating system. The use of anodic fluoride
followed by ZnS deposition provides proper protection of
Hg, . Mn,Te (preventing the Hg loss from the surface, in
particular).

To open the contact windows on p- and n-regions of the
diode structure, photolithography methods and special
masks were used. The palladium plating process was per-
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Fig. 1. Cross-section of planar (a) and meza (b) Hgj  Mn,Te
photodiode elements.
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formed to form the ohmic contact and next Cr film (~0.05
pm) was evaporated to obtain an interface suitable for ad-
hesion with ZnS. Finally, Au layer (~1 pm) was deposited
for good connection to electrodes with gold wire bounder.

The above fabricating technologies have been used for
realising planar and mesa multielement photodiode arrays
with sensitive area of element 50x50 pm (or other sizes).
The schematic cross section of the Hg; ,Mn, Te photodiode
structures are shown in Fig. 1.

3. Optical absorption in Hg; ,Mn,Te crystals

In order the photoelectric characteristics of a diode to be in-
terpreted, the optical absorption spectra of the material is
required to know in a wide spectral range for interband
electron transitions.

The spectral dependence of the absorption coefficient
was found from the transmission curves of the Hg; ,Mn,Te
wafers used for diode fabrication [14]. To increase the ac-
curacy of transmission measurements at higher absorption
coefficients, the wafers were polished down to a thickness
of about 20 pm. The experimental data obtained were pro-
cessed with allowance made for multiple reflection in a
sample.

Figure 2 shows the absorption curves thus obtained for
the HgyoMng  Te and HgggsMng j,Te at 80 K. It is evident
that the absorption spectra can be divisible into two re-
gions. In the low-energy region the absorption coefticient
only weakly depends on photon energy, whereas in the
high-energy region the very strong dependence on hv is ob-
served. There is reason to believe that the former is caused
by a free-carrier absorption while the latter is associated
with electron interband transitions, i.e., the transitions in-
volved in photogeneration of electron-hole pairs.

To describe the intrinsic absorption in Hg;_Mn,Te ana-
Iytically, one can use the Kane theory well proved for nar-
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Fig. 2. Optical absorption in HgggMng Te and Hgg ggMngj2Te

crystals at 80 K. The squares show experimental data, the solid and

dashed curves have been calculated using Egs. (4) and (7),
respectively.
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row-gap semiconductors with highly nonparabolic energy
bands [15]. If the spin-orbit splitting is large enough
(A >> E,) and the electron effective mass m, is much
smaller than the hole effective mass my, the dispersion law
in the conduction band can be presented as

n2i?
E (k)= 5

1
+ 0= Eg) (1)

€

where 1(k) is related to the energy band parameter P by the
expression

(g2 + 8,22 W
n=|Eg +5p : @)

The wave number k appearing in Eqgs. (1) and (2) is a solu-
tion of the equation

hv=E_ (k)+E,(k)+E,, 3

with the E-k relationship for the valence band can be con-
sidered as a parabolic law, i.e., Ey(k) = #?k?/2m;,. Within
this approximation the absorption coefficient for electron
transitions between the heavy-hole band and the conduc-
tion band can be written as [16]
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where C = 3.8x105 with energies measured in eV and « in
em!, n, is the refractive index, m, = mymy/(m,+my),
¥ =(1/2)(1 + Ey/mM), A = (2hv — Eg)(2hv + m,Eg/m,) (m, be-
ing the free-space electron mass). Hence, determining E,
from the measured absorption edge (Fig. 2) and using for
Hg,;_.Mn,Te the “standard” relationships [8]

me = 57%107 Eym, [P, my, =05m,, (5)

P = (6461-0121x)x 1078 eVem (6)

an absorption curve can be found from Eq. (4) using Egs.
(1), (2), and (3). The results thus obtained for HggoMng ;Te
and Hg gsMng 1, Te are shown in Fig. 2 as solid lines. The
computed curves are matched with the experimental data
points by adjusting the C value in Eq. (4). It should be
noted that in the o < 1000 cm™! region Eq. (4) is reduced to
the well-known square-root law ¢, ~ (hv-Eg)UE [14].

As it can be seen in Fig. 2, good agreement between
theory and experiment is observed in the region of large
absorption coefficient. In the o < 100-200 cm™! region the
experimental points on the edges of the absorption curves
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run considerably above the calculated values. It is generally
believed that the gentle slope of the intrinsic absorption
edge observed in a number of compound semiconductors is
caused by microfluctuations and inclusions with different
composition of the material [17,18]. For semiconductors
similar to Hg; ,Cd,Te the tail of the absorption edge fol-
lows the exponential Urbach law

hv—E; hv
= 0,, eXp| — | 7
do ] ” p[dﬂ) ( )

where E; is the energy somewhat smaller than Eg, o, and
0o = 0L,eXp(-Ey/G,) are the hv independent values, and &,
is the so-called broadening (tailing) parameter, i.e., the en-
ergy characterising the compositional fluctuations and
inhomogeneities of the material.

It can be seen from Fig. 2 that for the Hg; ,Mn,Te crys-
tals, Eq. (7) within the absorption edge is really close to the
exponential law. Good agreement with the measured ab-
sorption curves is achieved when o, = 4.2 meV for
HgooMng ; Te and 0, = 5.8 meV for HggggMng 12Te (Fig. 2,
dashed lines). The o, values were chosen to fit Eq. (7) for
the data at o. = 500-600 cm™.

Thus, the absorption curves for the Hg, ,Mn,Te crystals
are governed by Eq. (4) in the region of large absorption
coefficient (hv > E;) and by Eq. (7) within the tail of the
absorption edge (hv < E,). Although Eq. (4) has been borne
out by experiment only in the region of the measured ab-
sorption coefficients less than 700-800 cm!, the errors as-
sociated with the deviation of true values of from theory in
the 0. > 103 cm! region is of little importance for the diode
photoelectric characteristics. As will be shown below, in
the high-energy region the absorption coefficient becomes
such large that the photoelectric quantum yield saturates,
that is, ceases to depend on hv.

o(hv)=o, exp{

4. Diode energy diagram and parameters

The barrier height, depletion layer width as well as some
parameters of n- and p-regions, required to govern the pho-
toelectric properties of the Hg; ,Mn,Te diode structure, can
be found from the electrical measurements.

Figure 3 shows typical I-V characteristics taken from
the Hg(}'gMI].Q‘ITe and Hg{]‘gsMﬂO‘lgTC diodes at 80 K. The
diodes are evident to have clearly defined rectifying prop-
erties. An important point to note here is that in the region
of large forward currents the I(V) dependence yields a
straight line. This is because the built-in potential, Vy;, is
almost compensated by the large applied voltage, i.c., one
can write V = Vy,; + IR, where IR is a voltage drop across
a series resistance of the substrate R,. Hence, the cutoff on
the V-axis and the slope of the straight-line portion of the
measured I-V curve give the built-in potential and the sub-
strate resistance, respectively. Of special interest is that the
barrier height in the p-n junction structures studied,
@, = eVy,; = 0.24-0.27 eV, is distinctly larger than the semi-
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Fig. 3. Current-voltage characteristics for HggoMngTe and
Hgg ggMny 1, Te photodiodes at 80 K.

conductor bandgap. Obviously, this is possible only as p-
and/or n-regions are degenerated. Being in mind the high
doping of the near-surface layer, the degeneracy should be
assigned to the n*-region, particularly in light of the very
small electron effective mass in a narrow-gap Hg; ,Mn,Te.

According to the Kane theory [15] in a strongly degen-
erate n-type semiconductor, the Fermi level enters into the
conduction band by the energy given by

e 1( [, 8 2 .2/3
L || UL TR

where n is the electron concentration, m, is the electron ef-
fective mass and P is the band parameter, defined by Egs.
(5) and (6), respectively.

Figure 4 shows the Fermi energy Ep, as a function of
the electron concentration for the Kane model, calculated
from Eq. (8), and for the parabolic dispersion law where
Ep, = #(3n%n)?3/2m,. The calculation have been per-
formed for E, = 0.1, 0.18, and 0.25 eV, i.e., for the cutoff
wavelength ~12 pm, ~7 pm, and ~5 pm (the curves are not
shown for n < 3%10'6 em3 since Eq. (8) is inapplicable as
Eg, is smaller than ~5 kT, 0.035 eV at 80 K). It can be seen
from the figure that as the electron concentration ranges
within 10'7-10" ¢cm-? the Fermi energy achieves the sig-
nificant values. In this range of n the departure from the
parabolic dispersion law must be taken into account, i.e., to
obtain the Fermi energy, Eq. (8) should be used (the nar-
rower the bandgap, the larger is the difference between the
two approximations). It follows from Fig. 4 that the Fermi
energy becomes as large as 0.1-0.2 eV when the electron
concentration amounts to (1-3)x10!8 cm™3, i.e., the values
quite realised in the ion etched p—n junctions.

As to p-region with the hole concentration p =
(2-5)x10'6 cm™3 and the hole effective mass my, = 0.5 m,,
the valence band may be considered to be nondegenerated.
In this case the energy distance from the Fermi level to the
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Fig. 4. The Fermi energy as a function of the electron concentration

in the conduction band of Hg; Mn,Te for E, = 0.1, 0.17, and

0.25 eV. The solid and dashed lines correspond to the Kane and
parabolic dispersion laws, respectively.

top of the valence band, Eg,, can easily be found from the
equality

2/3
Ep, 8m kT E
=N, exp| - —& | =2| —— exp| ——L |, 9
pP=N, P[ kT] [ 2 Pl = %r 9

where N, is the effective density of states in the valence
band. It follows from Eq. (9) that for T = 80 K, m, = 0.5m,
and the p values indicated above Al = kTIn(N,/p) =
0.022-0.028 eV, i.e., the Fermi level is located well above
the top of the valence band. From the above reasoning, we
arrive at the energy-band diagram of the Hg; ,Mn,Te n*-p
junction displayed in Fig. 5. From the figure we have
Q, ZE3+EF_,., _EFP’ (10)
whence Eg, = ¢, — E; + Ep,. For the HgyoMng;Te and
Hgg gsMng 1, Te diodes @, = 0.24 and 0.27 eV (E, = 0.1 and
0.17 eV) that yields Eg, = 0.15 and 0.12 eV, respectively.
On discussing the energy diagram of the Hg; . Mn,Te
diode structure, it is pertinent to compare its doping profile
with that in Hg;_,Cd,Te p—n junctions. Both ion bombard-
ment and ion implantation of mercury-based materials like
Hg,..Cd,Te or Hg; ,Mn,Te are known to create near the
surface excess of Hg atoms in the form of interstitials act-
ing as donors. These neutralise Hg vacancies acting as ac-
ceptors thus converting p-type material to n—type. At the
same time, the Hg excess atoms can diffuse into the bulk
also inducing vacancy annihilation and forming a more
deep n-layer [10,19,20]. In the case of Hg; ,Cd,Te, the
near-surface layer has a thickness of the order of 0.1 pm
and a high concentration of electrons whereas in the deep
diffusion-induced layer the electron concentration amounts
to (2-5)x10'® cm™3 and its thickness is much larger than
that of the near-surface layer [10].
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Fig. 5. Energy-band diagram of Hg; Mn,Te n*-p junction in
thermal equilibrium. The arrow indicates interband tunnelling
transition.

For Hg, .Mn,Te, however, it has been found a strong
decrease of the mercury diffusion coefficient that reflects
the relative stability of the material compared to
Hg,..,Cd,Te [11]. As a result, the thickness of the diffu-
sion-induced layer drastically decreases, i.e., ion bombard-
ment forms the heavily-doped near-surface layer (~1 pm,
~10"® ¢cm=) without an extended intermediate layer of
moderate carrier concentration. It is also noteworthy that
the observed values of built-in potential (0.24-0.27 V) can
be obtained at the boundary between p-region and strongly
degenerate n*-region rather than moderate doped nondege-
netare n-region.

Thus, the diode structure under study can be considered
as an abrupt one-sided n*-p junction with the depletion
layer located in the relative lightly doped p-region (see Fig.
3). For such kind of the diode structure the depletion layer
width is defined by

W = ’2860((;)0 —eV)
pn 2 ?
: e“N,

where N, is the concentration of non-compensated accep-
tors in the substrate, €, and € are the free-space and semi-
conductor permittivities, respectively (¢ = 17.6 for
Hg; . Mn,Te (x = 0.1) [8]).

(11)

5. Spectral responsivity of the diodes
The spectral distribution of photoresponsivity for two di-

odes on Hg;_,Mn, Te with x = 0.1 and x = 0.12 obtained us-
ing standard measurement technique are shown in Fig. 6.
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Fig. 6. Normalised dependence of photocurrent related to unit of

radiation power as a function of wavelength (a), and related to one

incident photon as a function of photon energy (b). The diamonds

in Fig. 6(a) show the reflection coefficient measured for the

HggoMng Te crystal.

The curves were taken at 80 K and zero bias, i.e., under
conditions most commonly used for infrared photovoltaic
detectors. The experimental data in Fig. 6(a) are presented
as a dependence of photocurrent, Iy, per unit of incident
radiation power (A/W) versus wavelength A (the so-called
current responsivity). It can be seen that the long-wave-
length edge (cutoff) for one of the samples corresponds to
1011 pm, i.e., such a photodiode is suitable for operation
in the atmosphere window 8-14 pm. Although its
responsivity covers the 3-5 pm window the other diode
with the cutoff wavelength 7-8 pm and obviously smaller
dark current is more suitable for the 3—-5 pm window (all
other factors being the same).

Physically, the spectra for the diodes represented in
Fig. 6(b) as a dependence of number of photogenerated
electrons (~I,,) per one incident photon versus photon en-
ergy, hv, are more informative. Indeed, in this case the
cutoff at the hv-axis gives the energy approximately equal
to the semiconductor bandgap (~0.11 and ~0.17 eV), and
Ipxhv versus hv curve represents the relative photoelec-
tric quantum yield (quantum efficiency) of the diode.
Nonuniformity in spectral responsivity in hv > E, region
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can be associated with the frequency dependence of the
reflection coefficient from the crystal surface. However,
the measurements show that the reflection coefficient R
varies too weakly in this spectral range [see Fig. 6(a)],
i.e., the observed shape of the spectral curves should be
attributed to the photocurrent formation processes them-
selves.

We will treat the spectral distribution of the
Hg, xMn,Te diode quantum efficiency using the en-
ergy-band diagram of n*-p junction and parameters found
in the preceding sections. We will take into account gen-
eration of photocurrent in the front n*-layer, p-type sub-
strate, and in the depletion layer of the diode structure
[see Fig. 7(a)]. To find the contributions of electron-hole
pairs generated in these regions to the phetocurrent, the
diffusion equations with corresponding boundary condi-
tions are usually solved (see for example [21,22]). In do-
ing so, the electric field is assumed to act only in the de-
pletion layer whereas in n*- and p-region the field is nill
(i.e., the carrier motion is respectively diffusion or drift in
character). The concentration of excess holes, Ap, at the
boundary between n*-region and the depletion layer, as
well as the concentration of excess electrons, An, at the
boundary between p-region and the depletion layer, are
accepted to be zero. At the front surface of the n*-layer
the boundary condition has a form D,d(Ap)/dx = S,Ap,
while at the back surface of the substrate D,d(An)/dx
= SyAn, Here D, and D,, are the diffusion coefficients of
electrons and holes, respectively, S, is the surface recom-
bination velocity at the passivation layer/n*-layer inter-
face, and S, is the recombination velocity at the back sur-
face of the crystal.

Let's denote the thicknesses of junction, n*- and
p-regions by W, W,,, and W,, [see Fig. 7(a)], and the dif-
fusion lengths of electrons and holes by L, and L, respec-
tively. Then the number of electrons contributed to the
photocurrent and elated to one incident photon (the
so-called spectral response) as a result of photon absorption
within the substrate (where electrons are minority carriers)
can be written as [21]

oLy,  -aw,w,)

n

a 121
n
W, W -
~4 "(cosh—p e awf]+smh P yod, e |(12)
e (IL n L.ﬂ' Lﬂ
4 w w
Snln sinh —& + cosh -2
X Dﬂ LP?

Since the substrate is rather thick (~1 mm), none-
quilibrium carriers arise at the back surface only for small
absorption coefficients. But then photoexcitation can be
considered as almost uniform through the bulk, and there-
fore the surface recombination is of minor importance.
Thus, the recombination at the back surface can be ignored
and Eq. (12) is easily reduced to
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Fig. 7. Cross section of Hg; .Mn,Te photodiode (a), spectral
response from p-n junction n*- and p-regions (Tpy , T, and M,
respectively) (b). The top curve, 1), shows the photodiode internal
quantum yield.

0.15 0.30

nn = ﬂexp[—a(wn + an )], (13)

1+al,

where factor exp[-0((W,, + Wp,)] takes into account the op-
tical absorption loss in n*-layer and p—n junction.

The expression similar to Eq. (12) can be obtained for
the spectral response from n*-layer, i.e., for the hole contri-
bution to.the photoelectric efficiency

p asz,—l
S L, _ S W W
£ L +aLp —e aw"[P—chosh—”-i—smh—"]

2 D, P P L, — ol V.
SpLp . W, W, i
£ ginh —2 + cosh —*

DP 14 14

but in this case the recombination at the front surface can-
not be neglected.

The photocarriers generated within the depletion layer
of the diode structure are swept out by electric field which
prevents their recombination, and therefore the spectral re-
sponse from the depletion layer is defined by [21]
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npn = eXP(_aWn )[1 i EXP(_aan )]’ (1 5)
where factor exp(—otW,) takes into account light absorption
in n*-layer. The spectral response from all the regions of
the diode structure (the monochromatic quantum yield) is
evidently given by the sum of three components
M) = 0, () 417, () + 1 (V). (16)
Obviously, the n(hv) value is the monochromatic inter-
nal quantum yield. In order to obtain the external quantum
yield, corrections for reflection at the front side of the
photodiode and the optical absorption losses within the
passivation layer must be made. Assuming the passivation
layer to be transparent the external quantum yield can be
found by multiplying n(hv) by (1 — R,p), where Ry is the
effective reflection coefficient for the passivation
Hg; .Mn,Te surface. Note also that in order to go from the
spectral distribution of quantum yield n(hv) to the spectral
distribution of current responsitivity I,;(A) one needs only
divide n(hv) by photon energy (expressed in eV).
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Fig. 8. Spectral current responsivity of the HgggMngTe and

Hgp ggMng 12Te photodiodes measured at 80 K (squares),

calculated using Egs. (13)—(16) (full lines) and with account made
for broadening the absorption edge (dashed lines).
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Assuming the photocurrent generated in Hg; (Mn,Te to
be caused by interband electron transitions, for the absorp-
tion coefficient gi(hv) appearing in Eqgs. (12)—(15) one can
use Eq. (4) for the hv > E, region and Eq. (7) for the tail of
the absorption edge (hv < E,). The dependence n(hv)/hv
computed using Eq. (16) for E, = 0.1 and 0.17 eV are
shown in Fig. 8(a) and (b) (normalised in maximum like
the experimental curves). On calculating the following pa-
rameters were used: W, = 1.5 pm, W, = 0.8 mm, W, =
3%10-% cm at V = 0. The values of D, , D, L, and L, were
found using relationships eD,/kT = p, and eD,/KT = p, Ly
= (D,T,)"? and L, = (D,7,)"/%; where p, and p,, are the elec-
tron and hole mobilities taken equal to 10° cm?s~'V-! and
103 cm?s~ V-1,

To gain the best fit to the observed spectra the electron
lifetime in p-region, T, , was taken to be equal ~10-% s,
while the hole lifetime in n*-region 1, = 10~ s. Such 1, and
T, values are significantly smaller than the effective life-
time of carriers in the depletion layer which lies within the
range 1073 to 1076 s [23]. This “discrepancy” is due to the
significant deference between carrier concentrations in dif-
ferent regions of the Hg; ,Mn,Te diode structure: in the
n*-region the electron concentration is as large as ~10'8 cm3,
in the p-region of the Hg; .Mn,Te diodes the hole concen-
tration is in excess of 1016 cm™, and in the depletion layer
the free carriers can be neglected at all. As theoretical
analysis shows [8,9,24], in a doped Hg; ,Mn,Te like Hg, ,Cd,Te,
the minority carrier lifetime decreases rapidly with the con-
centration of free carriers owing to increase in the probabil-
ity of radiative interband recombination, and still further —
of Auger recombination (in the latter case the recombina-
tion probability is proportional to n? and p?, respectively).

It should be emphasised that the responsivity spectra of
the Hg,.,Mn,Te diodes is relatively insensitive to the sur-
face recombination velocity at the front surface of the di-
ode, S;. One possible explanation for this is that the most
part of carriers contributed to photocurrent is excited in
p-region rather than n*-region (even in the case of large ab-
sorption coefficients). This is illustrated in Fig. 7(b) where
the spectral responses from n*-layer, p-substrate and the
depletion layer computed using Egs. (13)—(15) are shown
along with the photodiode total quantum yield. As is can be
seen, even for hv = 0.3 eV the spectral response by
p-region (1),) dominates the total diode photoresponse (1).
Hence, effect of recombination at the front surface of
n*-layer can not be strong,

One can see from Fig. 8 that the calculated spectral
responsivities for the Hg; ,Mn,Te photodiodes reproduce
the experimental curves only roughly. Notice first of all
that for the calculated curves the responsivity goes consid-
erably far into the hv < E, region. This is obviously because
the absorption edge of Hg, Mn,Te in o < 200-300 cm™! re-
gion has much gentle slope as compared to that predicted
by theory (see Section 3). Therefore in the hv < E, region
the photoresponsivity curves can be obtained from Egs.
(13)—(16) using Eq. (7). The results of calculation of the
Hg, ,Mn,Te diode responsivity thus performed for the re-
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gion hv < E, is shown in Fig. 8 as dashed lines. It can be
seen that the calculated “tails” and experimental data points
are in close agreement.

As for the bulges and kinks observed in the responsivity
spectra in the region hv > E, (at 4-6 pm and 7-9 pm in
Figs. 7(a) and (b), respectively), one can explain them by
the degeneracy of electron gas in n*-layer of the diode
structure (see Section 4). As already noted, such a degener-
acy results in considerable entering the Fermi level into the
conduction band and hence in the Burstein-Moss shift of
the absorption edge. This means that the spectral response
from n*-layer comes into play not at hv > E, but at the pho-
ton energy greater than E, by the Fermi energy Eg,, i.e., at
hv 2 E; + Eg,. In the region E, < hv < E; + Ep, pho-
ton-induced generation of electron-hole pairs in the
n*-layer is strongly attenuated.

6. Detectivity of the diodes

We will now turn to a key parameter of the Hg; Mn,Te
photodiodes such as their detectivity D*. Let us begin with
the R A product closely related to D* (R, is the zero bias
differential resistance, and A is the area of the diode).

Figure 9(a) shows the voltage dependence of the differ-
ential resistance-area product RA = (dV/dDA = (dV/dj) for
two Hg,..Mn,Te diodes at 80 K. It can be see that for the
HggoMng Te diode with cutoff wavelength A, = 10-11 pm
the zero bias resistance-area product, R A, (ie., the RA
value at V = 0) is equal to 20-30 Qcm? whereas for the
HgygMng ;Te diode with A, = 7-8 pm R A = 500 Qcm? A
comparison with the data presented in a number of publica-
tions and collected in [24] shows, first of all, that the studied
Hg,.xMn,Te photodiodes are competitive on this parameter
with the Hg, ,Cd, Te n*-p photodiodes with the same values
of A.. Next it is pertinent to compare the observed R A val-
ues with the theoretical dependence of R,A on A, found
from the conditions that thermal noise from resistance R, is
the same as the shot noise generated by background radia-
tion, i.e., from the equality 4kT/R,A = 2e2¢y (¢g being the
background photon flux density in the A <A, spectral region)
[8,24]. Such a comparison indicates that the background ra-
diation (rather than the low value R A caused by the con-
duction of the diode) governs the detectivity of Hg, ,Mn,Te
photodiodes. Indeed, the experimental R A values are really
1-2 orders of magnitude larger than the theoretically possi-
ble R,A product for an ideal photovoltaic detector under
background radiation 300 K, 2 FOV, 1 = 0.5. This in turn
means that when cooling to ~80 K, the Hg, ,Mn,Te diodes
with A. = 10-11 pm and A, = 7-8 um have detectivities D
close to 5x10'0 emHz!2W-! and D* = 10!! cmHz!2W-!, re-
spectively [8,24].

As to charge transport mechanism determining the ob-
served R A value, electrical studies [23,25] lead to the as-
sumption that the conduction of Hg_,Mn,Te diodes at low
forward bias and hence the R A product are governed by
carrier recombination in the depletion layer of the diode
structure. This is evidenced by the presence of an
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Fig. 9. Voltage dependence of the differential resistance-area

product RA = (dV/dI)A for HgggsMng 12Te and HggoMng Te

diodes at 80 K (a) and for HgyoMng ;Te diode at temperatures

ranged from 80 K for the top curve to 200 K for the bottom curve in
steps of 20 K (b).

I ~exp(eV/2kT) dependence in the forward I-V characteris-
tic at low biases. Equally important is a drastic increase in
forward current with temperature, which is easily under-
stood bearing in mind that the recombination current is pro-
portional to the intrinsic carrier concentration.

The assumption about recombination mechanism of the
forward current is consistent with the temperature variation
of differential resistance-area product RA for the diode pre-
sented in Fig. 9(b). As temperature elevates from 80 K to
200 K, the RA value in the low bias region decreases rap-
idly (about three orders of magnitude). It should be
emphasised that at near-zero biases the temperature de-
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pendence of the RA value at forward bias is slightly differ-
ent from that at reverse bias. At higher reverse biases
(>0.15-0.2 V), however, the temperature dependence of
the RA value reduces markedly: as temperature elevates
within 80-200 K, the RA value at V = — 0.2 V decreases
only about 3 times. One can suggest that the thermal gener-
ation current being prevalent at low reverse bias (< 0.1 V)
is masked at higher bias by the current of another nature
which depends only slightly on temperature.

In this connection the question araises as to the role of
carrier tunnelling in charge transport and hence in deter-
mining the detectivity of the Hg,_,Mn,Te photodiodes [25].
The results of temperature measurements presented in Figs.
10(a) and (b) seem to be highly informative in this respect.
It is readily apparent from Fig. 10(a) that the reverse cur-
rent involves at least two components. One of them
strongly depends on temperature and therefore at higher
temperatures dominates the current (in the low-bias region)
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whereas at liquid nitrogen temperatures it makes a negligi-
ble contribution to the charge transport. Notice next that
[V curves exhibit a well-defined kink at 0.25-0.3 V. The
origin of the kink is revealed in the voltage dependence of
the photocurrent, I, generated by external infrared radia-
tion. Figure 10(b) shows such a representative curve. The
I»(V) dependence is seen to be typical for a semiconductor
photodiode. At low voltages, the I(V) curve exhibits a
clearly delineated saturation where the I, value is close to
the short-circuit photocurrent. When the voltage exceeds
0.25-3 V the saturation portion of the curve transforms into
dependence with a considerable increase in the photo-
current with increasing V. The latter is known to be a direct
evidence of impact ionisation and avalanche multiplication
taken place in the diode. Assuming the multiplication of
photocarriers and dark carriers to proceed in a similar way,
one can conclude that the observed steeper increase of the
reverse current at voltages higher than 0.25-0.3 V is due to
impact ionisation of lattice atoms as well. At lower volt-
ages, no impact ionisation occurs and the I-V dependence
measured at low temperatures should be attributed to the
tunnelling process. As already mentioned above, however,
the differential resistance-area product RA depends sharply
on T at V = 0 not only under forward bias but also under
reverse bias of the diode. The latter, however, seems not to
be characteristic of the tunnelling process. In order to agree
this discrepancy one is forced to assume that under reverse
biases the tunnelling current decreases steeply when V—0
so that it becomes even smaller than the generation current.
When describing the tunnel current in the Hg; ,Mn,Te
or Hg,.,Cd,Te diodes, the most frequently used approxima-
tion is that the tunnelling transitions occur in the region of
p-n junction with maximum electric field. For an abrupt
one-sided n*-p junction the maximum field equal
2(p,-eV)/W [W being the depletion layer width defined by
Eq. (11)] and then the reverse current caused by
band-to-band tunnelling can be described by an expression
of the form [21]
3/2
I=1,exp LA NTES, Ee

i 17)
3 ﬁNa 1/2 (

@, —evV

where I, is the slowly varying function of V as compared to -
the exponential term

5 v 2
L __Ae” | mNg Vip, —eV)?, (18)
o n? \ €8,9,E,

m, being the reduced electron and hole effective mass.
Our measurements show that the dependence given by
Eq. (17) and the observed reverse I-V characteristics in the
V < 0.3 V region (where carrier multiplication can be ne-
glected) are normally diverged, with experimentally deter-
mined current always less than calculated. The cause of
this discrepancy seems to arise from that the expression
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(17) suggests to be applicable only for rather high reverse
biases, namely for IVl >> @, /e, where tunnelling occurs
near the top of the energy barrier. Furthermore, analysing
the R, A product, i.e., the diode differential resistance-area
product at V = 0, the opposing electron flow must necessar-
ily be taken into account. Indeed, although at V = 0 the
measured current is equal to zero, the tunnelling process is
not stopped: the electron transitions from n*-region to
p-region are balanced by the opposing transitions from
p-region to n*-region (as the eV value exceeds a few kT,
the opposing flow can be neglected what is usually as-
sumed when charge transport in Hg;_ ,Mn,Te diodes is con-
‘sidered).

From the mentioned above, the more general expres-
sion for tunnelling current should be applied

@,—eV-E
I=lo,  [UI1~A(ENSH(E) ~ [ ~f, (BN fy(E)IDXE)E
’ . (9)
¢,—eV-E
=l, [f,(B)~f(E)DEME
0

where I, is the value coincident with I, in Eq. (17) when
leV1>> @, f,(E) and f,(E) are the probabilities for the level
of the energy E to be occupied with an electron in n*- and
p-regions, respectively, D(E) is the tunnelling probability
(the expression between the braces takes into account an
opposing flow of electrons).

In the reference coordinate system where the origin of
the E-axis is taken at the bottom of the conduction band in

n*-region (see Fig. 5)
E-E it
F vl ,
kT J }

-1
fp (E) = [cxp(%) + ]:I ;

fu(E)= [exp(
(20

and D(E,V) is defined in the WKB approximation as

IXE,V)=exp —L“imrqu@(x,l’)—ﬁ'dx L B

Here @(x,V) is the potential energy in the depletion layer
given in the same coordinate system by

2
ox) = (@, —eV 1—{1—LJ : (22)
an .

and x; and x, are the classical turning points determined by
the equalities: @(x;,V) —E =0 and ¢(x,,V) —E=E,, ie,,

260

Opto-Elecir., 8, no. 3, 2000

E+E,
)Ci :an ]._ —Qo _ev s
x2 =an(1—\/¢%}
o —€

Figures 11(a) plots the voltage dependence of the tun-
nelling current calculated using Egs. (19) and (17) (for
comparison) for the |V] < 0.25 V bias region where the car-
rier multiplication is negligibly small. Also shown in the
figure is the experimental data points taken for the
Hg,..Mn,Te diode with A, = 10 pm at 80 K. As it can be
seen, the curves calculated with Egs. (17) and (19) diverge
drastically when V—0 while at voltages larger than ~0.5 V
the curves coincide. If Eq. (17) would be valid at low volt-
ages, the calculated current will be much larger than the
measured within the voltage region of interest. The expres-
sion (19) approximates more closely the experimental data
than Eq. (17) does. However, as [Vl < 0.1 V the measured
current somewhat deviates upward from Eq. (19) as well.
This supports our assumption about noticeable contribution
of the generation current even at 80 K and hence provides
an explanation for the observed strong dependence of the
R A product on temperature.

Figure 11(b) shows the voltage dependence of the
RA = (dV/dj) value for the Hgy¢MngTe diode as the cur-
rent is calculated using Eqs. (17) and (19). As one can see
the RA value calculated using Eq. (19) increases steeply as
V—0 becoming much larger than the experimental values
(curve 1). As already mentioned, this is because the genera-
tion current masks the tunnelling current as V—0 and
therefore the experimental points taken under reverse bias
do not elevate along with the RA curve calculated from Eq.
(19) but “meet” the points taken under forward bias.

Hence, at V = 0 the conduction of the Hg, Mn,Te di-
odes studied is governed by generation-recombination of
carriers rather than their tunnelling. It should be
emphasised that the use of Eq. (17) for the tunnelling cur-
rent leads to the opposite consequence. In this case the cal-
culated R,A product is about one order of magnitude
smaller than obtained from the measurements (see
Fig. 11(b), curve 2).

(23)

6. Conclusions

Multielement Hg; ,Mn,Te (x = 0.1 and 0.12) photodiode
arrays with p—n junction formed by ion etching have been
fabricated. The rectifying and photovoltaic characteristics
of the diodes are determined by p-n junctions with the
strongly degenerate n*-region and the barrier height of
0.24-0.27 eV, i.e., significantly larger than the semicon-
ductor bandgap. At low forward and reverse biases the
electrical properties of the diodes are governed by genera-
tion-recombination of carriers in the depletion layer. At
higher reverse voltages the tunnelling mechanism domi-
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nates charge transport with a further increase of the current
due to impact ionisation of lattice atoms.

The intrinsic absorption of the Hg; ;Mn,Te crystals is
treated in the framework of the Kane theory with account
made for the gentle sloping absorption edge due to
compositional microfluctuations and inclusions in the ma-
terial. The photoresponsivity of the Hg; ,Mn,Te diodes is
caused by electron-hole generation in n*- and p-region as
well as in p-n junctions. The zero bias resistivity-area
product of the diodes (R,A) is determined by genera-
tion-recombination in the depletion layer amounting up to
20-30 and ~500 Qcm? for the HggoMng Te and
Hg, ssMny 1, Te diodes, respectively. The detectivity of the
photodiodes is competitive to that of Hg, .Cd,Te photovol-
taic detectors and limited by the background irradiation
300 K, 2n FOV.
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