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The planar, micro cylindrical and micro spherical reverse biased Shottky junctions are carefully considered as light emission devices. The detailed analysing the avalanche conditions, field distributions, effective temperatures of hot electrons and light emission probabilities  allows to derived the equations for spectra and power efficiency for each topology. It is appeared that in micro spherical junctions significant increasing of the electron’s temperature and probability of visible photon emission can be achieved. Calculated spectrum shows blue shift and significant improving the power efficiency in compare with planar silicon junctions. Brightness and power efficiency of microelectrode structures on monocrystal silicon are compared with the porous silicon light emission diodes.





INTRODUCTION





Monocrystal silicon is the best material for microelectronics technology, but structure of its energy zones is such, that it is practically not possible to achieve light emission from it. Many efforts are applied to modify structure of silicon’s energy zones to improve light emission possibilities. But there is not only one  way.  Note that visible electroluminescence (EL) of monocrystal silicon has long history of investigations and really began  more than 40 years ago from experiments with EL on reverse biased junctions. In these experiments practically perfect planar construction is made and uniform brightness was achieved, but power efficiency is extremely low (1). The device works in avalanche breakdown regime, lot of hot electrons are generated and intraband  transition of electron  is the reason of light emission. Of course, because this is not a recombination process, structure of zones is out of importance, but additional particle is needed to keep conservation laws. 


In this work we try to explain reasons of high efficiency EL in monocrystal silicon at avalanche breakdown. Physical sense is in attention, so mathematical calculations are used only to illustrate different physical mechanisms of the process. Of course, these calculations used some simplifications and not pretend to absolutely correct quantitative description the phenomena.


This article is an attempt to understanding the effect of enhanced light emission from monocrystal silicon. Special methods were used to form nonuniform junctions with multitude of small dots. The technology and detail of experimental results are out of frames of this presentation and are the theme of another publication.





History OF INVESTIGATIONS 





Even in 1950-th it was find that reverse biased p-n junctions can to emit visible light with initial quantum efficiency up to 10-8 (2-3). Light emission usually is not uniform and, especially at low current densities, consists from small dots. It is very difficult to make measurements in such conditions, so all experimenters try to achieve a homogeneous light emission. By using perfect silicon crystal and special technology practically perfect planar construction is made and uniform brightness was achieved, but power efficiency is extremely low (1). 


Physical origin of the light is emission from hot carriers at avalanche breakdown and impact ionisation. Known, that in wide band semiconductors the quantum yield is higher and blue shift is observed (4). The spectrums are wide and practically without structure. 


Experimental results strongly differ one from another. The reasons are as experimental difficulties with registration of rather weak and unstable emission in wide spectrum range, so methodical, connected with extremely strong and wavelength depended absorption in silicon. For example, in figure 1, you can see lining the spectrum in special coordinates (corresponding to Wien law) after correction by only 0,2 (  transmission in silicon. In this figure three curves are presented: 


- spectrum of Si recombination electroluminescence (forward biased)


- spectrum of wide-band semiconductor SiC hot electron electroluminescence (reverse biased) based on Kholuyanov’s data (4)


- spectrum of Si hot electron electroluminescence (reverse biased) based on Chynowweth’s data (3) and corrected on 0.2 ( absorption in Si.


All curves are presented in special coordinates to modify spectrums under Wien law





           N ~ hn2 exp(-hn/kT)                                                     [1]


where N - number of photons per unit energy interval.





According to equation [1] effective temperatures have been evaluated and marked on the plot. As a result, figure 1 illustrates next known features of light emission due to hot electrons at avalanche breakdown in semiconductors:


- spectrum and efficiency  of light emission are strongly dependent from effective temperature of hot electrons


- effective temperature of hot electrons is lowly dependent from breakdown current and strongly - from semiconductor parameters.


There are theoretical works in which the mechanism of light emission by hot electron is investigated, but in such works dependence of energy distribution from real breakdown conditions is out of frames (5). Avalanche breakdown in diodes is carefully investigated, but usually results are limited in electric parameters of the devices (6). So, at present time, it is absent the theory, which can relate topology and light emitting parameters of avalanche diodes.








Steps of calculations





The problem of finding of spectrum and efficiency of light emission from silicon can be solved “step by step”:


find spatial distribution of electric field under avalanche breakdown conditions


find dependence of temperature of electron gas from the electric field strength  


find  dependence of local emission parameters from the local electron gas temperature


find total spectrum and efficiency by spatial integrating





Silicon under high electric field and spatial distribution of electric field





At high electric field the energy of electrons can achieve some electron-volts, but because mass of electron in compare with silicon ion is extremely low, the process of energy transfer between them is obstructed. So, under high electric field quasi stationary conditions exist and electrons have temperature, which differs from the crystal one. Such electrons (or holes) are named “hot carriers”.


Dissipation energy of hot carriers is changed from the low field one - dissipation by optical phonons takes place instead the dissipation by acoustic phonons. The flying length l greatly decreases from ~70nm  to 





l=l0 th(E0/(2kT))                                                                                        [2]





or 6.4 nm for Si at room temperature, and average energy losses at one collision Ep is 





Ep=E0 th(E0  /(2kT))                                                                                    [3]





or 0.053 eV for Si at room temperature


In these equations - E0 - is optical phonon’s energy (0.063 eV) and l0 - limit of flying length for low crystal temperature (7.6 nm) (7).


High energy electrons and holes can produce new carriers by impact ionisation. The ionisation indexes for electrons (n and for holes (p are presented in figure 2. Note that at electric field strength ~ 5* 107 V/m one impact ionisation becomes after approximately 50 usual collisions. This can change the energy distribution of hot carriers and correspondingly changes the spectrum. Some theory calculations are presented in (5). Later for simplification we neglected of this effect.   


Only impact ionisation is not enough to avalanche breakdown, for example we can see appearance of new carriers in photo multiplier without breakdown. Additional condition is impact ionisation by both types of carriers. Under this condition the avalanche will not run out from the active zone. For silicon this condition is true (see fig. 2).


The breakdown occurs ionisation integral (on whole junction length L) going to 1:


� EMBED Equation.2  ���� EMBED Equation.2  ���                                                          [4]





For the simplest topologies - planar, cylindrical and spherical the breakdown voltages and field distributions are known and presented in figures 3 and 4 (8).


Breakdown conditions are significantly changed, especially at spherical (hemispherical) topology with low radius of curvature. The reason is difference in field distribution for different topologies. These distributions (for 250 nm radius of curvatures) are calculated in MathCAD program as one-dimensional model and are presented in figure 5. Doping level is a parameter for the curves in this figure and, as additional information, breakdown voltage values are added to the legends. 


By comparing the plots it possible to see:


- for planar topology field distribution and breakdown voltage are strongly dependent from doping level


- for cylindrical topology we can see the most stable system - the breakdown voltage and, especially the highest electric field is rather nonsensitive to doping level.


- for spherical topology we find the lowest breakdown voltage and the highest electric field.


Note, that at cylindrical and especially spherical topology tunnelling current rather depressed in compare with avalanche one. Avalanche breakdown is “line” effect  and determined only linear distribution of electric field (see equation 4). Tunnelling current is  “volume” effect and determined as by value of the field as by volume of high field region. For micro-spherical topology the high field region locates near the initial part of sphere and has significantly low volume. Because of this reason in experimental measurements can be appeared additional improving of current efficiency. 





Dependence of temperature of electron gas from the electric field strength 





Due to energy conservation law we can equalise the energy that is given to electron by electric field and the energy that is dissipated on optical phonon (see eq. 2-3) :


 


 VqF= Ep(3kTe  /m )0.5/ l                                                                       [5]





where


V - drift velocity 


q, m- charge and effective mass (for high energies) of electron


F - electric field


Te - temperature of electronic gas.


In this equation time between impacts is derived from flying lengths and electron temperature.








By supposing that at any impact an electron loses his drift component of velocity we can use Newton law for moving an electron in the electric field and equalise average velocity on the path between neighbouring impacts to drift velocity:





V = 0.5 qF l /(3kTe  m )0.5                                                                        [6]





From equations 5 and 6:





V= (0.5 Ep   /m )0.5 =const                                                                         [7]





Saturation of drift velocity is really observed and presented in figure 6 (8). Note that experimental value of V for Si is ~105 m/c, so correspondent value of m is 4.24*10-31 kg or  0.466 mass of free electron.


Now it is easy to find Te:





Te = q2l2 F2/(6 k Ep)=1.493 10-12 F2                                                          [8]





The dependence of effective electron gas temperature from the electric field strength also is presented in figure 6.





Dependence of local emission parameters from the local electron gas temperature





For finding emission parameters we will use relation between absorption and emissive parameters.


For absorption by an electron with energy (W-hv) and impulse dissipation through optical phonons exists next equation (9):





   f(W,hv)= A hv-5/2 (W/hv)1/2 (2W/hv -1) /n                                           [9]





where 


f- frequency of absorption acts of photons with energies hv by an electron with


    energy  (W-hv) for unit photon density


A - constant value


n - refractive index 


W - final energy of electron


hv  - energy of photon


Now we will use fundamental Roosbroeck-Shockley relationship (10):





P(W)((W,hv) = p(hv) P(W-hv) f (W,hv)                                                 [10]








where


 ((W,hv) - density of photons with energy hv emitted per second by an electron


                  with energy W 


 P(W), P(W- hv) - densities of energy levels at energies W, W- hv, 


 p(hv) - density of photons.


We suppose that zones are parabolic (this is simplification) and find p(W), p(W-hv), then suppose that n is constant (this is simplification too) and used f(W,hv )from [9], p(hv) from Plank equation:





((W,hv) = B (2W/hv -1) (W-hv)0.5 /{hv (exp(hv/kTe) -1)}                         [11]





where


B - constant value.


After integration for assembly of electrons with Maxwell distribution we achieve local emission spectrum (local density of emitted photons) S(hv,Te):





S(hv,Te) = C hv { (exp(hv/kTe) -1)}-1 ( (2W/hv -1) (W/hv-1)0.5 kT-3/2 (W/hv)0.5 exp(-W/kT) d(W/hv)   [12]





where


 (  - integral from 1 to infinity


C - constant value.





Total spectrum and efficiency 





By spatial integration of equation [12] on electron gas temperature distribution corresponded to certain topology we can calculate the total spectrums and efficiencies. Gas temperature distributions are derived from field distributions for planar, cylindrical and spherical topologies (see figure 5) at different doping levels by equation [8]. Results are calculated for the same avalanche current and are presented in figures 7,8 in arbitrary, but the same units. Blue shift in spectrums and higher efficiency are evidence at more doped and more curved systems. When topology changed from planar to spherical with radius 250 nm, then quantum efficiency improved on 10-30000 times.


Note, that tunneling component of current was neglected in these calculations. At high doped systems the tunneling part of total current may be significant.  





Some experimental results





Some parameters of different kinds of reverse biased light emission diodes were compared by measuring in the same conditions. Light emission was measured by photo multiplier, which is sensitivity region from 330 to 700 nm and maximum at 500 nm. So, these measurements, can be interpreted as rough evaluation of visible light emission efficiency.


Next devices are measured:


- porous silicon light emission diode, which was previously described (11)


- enhanced porous silicon light emission diode


- reverse biased light emission diode, based on monocrystal silicon with electrode from annealed Ag dust


- reverse biased light emission diode, based on monocrystal silicon with electrode from magnetron sputtered Al after special anodization process.


Results of the measuring are presented in figure 9.


Note, that for reverse biased diode, based on monocrystal silicon with electrode from magnetron sputtered Al after standard anodization process was not achieved detectable light emission.


Light emission from monocrystal silicon is compatible, but significantly low then from porous silicon. Light from monocrystal silicon is not stable - at high current densities the degradation process takes place. This effect exists even in Al-Si  diode, where junction surface is covered by Al or Al2O3 film. Probably, the effect can be explain by low number and nonuniform  parameters of light emissive centres on monocrystal Si and damaging certain part of them due to extremely high current concentration.
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FIGURES
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Fig.1. Spectrum of different semiconductor light emission diodes
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Fig. 2. Impact ionisation by electrons and holes in monocrystal Si
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Fig. 3. Breakdown voltage for planar topology and tunnelling current at this voltage


for different doping levels
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Fig. 4. Relative breakdown voltage from relation the curvature to  size of planar depletion layer at breakdown
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a). planar                                        b). cylindrical                                    c). spherical





Fig. 5. Distribution of the electric field in the junctions with different topology
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Fig. 6. Drift velocity and electron temperature via electric field strength
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Fig.7.Spectrums of junctions with different topologies and doping levels. 


(digits in legend correspond to doping levels in 1017 cm-3 units)
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Fig. 8. Quantum yield in visible range for different topologies and doping levels
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Fig. 9. Experimental measurements of different reverse-biased light emission diodes
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