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Abstract. We propose two general criteria for a surface defect state to act as an efficient, 
nonradiative recombination center. The first is that the thermal ionization energy should not 
deviate from the mid-gap energy by more than the relaxation energy of the defect. In this case the 
activation energy for the recombination is given by the barrier for the capture of the first carrier, 
whereas the second carrier is captured athermally. The second citerion is related to the position of 
the average dangling bond energy relative to the band edges. If, as in the cases of InP or InAs, it is 
located close to a band edge, a low surface recombination velocity is expected. However a much 
faster recombination is predicated and experimentally observed in the materials with the average 
dangling bond energy located close to the mid-gap. The relevance of these criteria for the novel 
wide-gap optoelectronic materials is discussed. 

Introduction 

Minority carrier lifetime is a basic parameter determining the performance of a large variety of 
semiconductor devices. Over the last few decades a considerable effort was aimed at understanding 
and controlling of the recombination processes in semiconductor materials. It is now widely 
recognized that highly ·localized deep defects in the bulk and on semiconductor surfaces are 
extremely efficient recombination centers [1]. Thus it has been found that a recombination via deep 
levels associated with transition metal impurities can be a dominant mechanism controlling the 
minority carrier lifetime in Si [1]. Also, the native defects in the bulk and on semiconductor 
surfaces can provide channels for the recombination of the minority carriers. The issue of 
recombination via imperfections at semiconductor surfaces and at internal interfaces is becoming 
especially critical for the novel technologies with steadily decreasing size of semiconductor 
devices [2]. Here we show how our present understanding of the general properties of native 
defects can be used to evaluate the trends in the surface recombination velocities in different 
compound semiconductors. 

In general the lifetime of minority carriers is given by the equation: 

_ _,1.__ = _ _.1.___ + 1 + _...._1_ (1) 
'tminority 'tradiative 'tciefects 'tsurface 

It is customary to relate nonradiative surface recombination to the surface recombination velocity s 
and the sample thickness d. For the sample with two surfaces (or interfaces) a and b 

1 _Sa+ Sb 

'tsurface - d 
(2) 

In devices, for which the active thickness is small (like quantum wells or even thin film light 
emitters) surface recombination is the ultimate factor limiting the quantum efficiency 11 of the 
radiative recombination, 

11 = 'tminority ::::::: d 
'tradiative 2S'tradiative 

(3) 



From the above considerations it becomes clear that semiconductors with inherently large surface 
recombination velocity s are not useful as light emitters irrespective of other material parameters 
[3]. 

There are two ways to lower the surface recombination rate. One is a chemical passivation of the 
surface[3], while the others involves the formation of a potential barrier that would prevent minority 
carriers from reaching the surface. Such a potential can be accomplished by making an appropriate 
heterojunction with low interface recombination rate (e.g. AlGaAs on GaAs) [4] or by strong 

1 doping of the surface region that electrostatically bends the bands in a way that would confine 
minority carriers in the bulk [5]. 

A very large spread exists in the values of the intrinsic surface recombination velocities among 
semiconductors. Good examples are GaAs (fast) and InP (slow) ot a similar pair namely Si and 
Ge. A understanding of this puzzle could have significant practical implications for minority carrier 
devices, as well as for basic physics. The experience gathered over the years from surface studies 
indicates that despite the fact that it must be real defect levels at the surface through which the 
nonradiative recombination takes place, it is the host band structure that ultimately controls the 
position of these levels. Quite similar problems were encountered in the discussion of the 
mechanism of Schottky barrier formation [6-9], heterojunction band offsets [6, 7, 10], Fermi level 
stabilization of heavily irradiated semiconductors [8,11] and many other phenomena in the physics 
of semiconductors. It is tempting to assume that all these observations must have a common 
explanation and that the chemical trends are transferable from one phenomenon to another. Such a 
notion led us to the formulation of two basic criteria which determine which of the surface defects 
can act as a fast recombination centers and also to predict the chemical trends in the surface 
recombination rates among various semiconductors. 

Mid-gap states .as efficient recombination centers: First criterion 

The recombination statistics for the surface states is the same as for bulk defects. Therefore by 
substituting in the Shockley-Hall-Read statistics the bulk defect parameters by effective surface 
defect parameters (densities N8, trapping cross sections s8 and surface Fermi level), it is immediately 
clear that the surface recombination has a maximum when the surface Fermi level is at the mid-gap 
and coincides with the energy of the surface traps [3, 12, 13]. The recombination velocity is 
proportional to the density of surface states and is given by the smaller of the two capture cross 
sections for holes and electrons. However, an order of magnitude estimate based on an analysis of 
the recombination statistics shows that for GaAs the cross section for trapping has an unreasonably 
low value of less than 10-20 cm2 [3,12]. The simplest way to understand this result is to assume [12] 
that the capture is a thermally activated process and is given by a standard multiphonon capture 
formula where EB is the energy barrier for the carrier capture. 

I 

a = CJoexp( -EB/kt) (4) 

Eq. (4) has been obtained assuming that the defects responsible for the recombination are localized 
and strongly coupled to the lattice. According to all recent theoretical and experimental works these 
assumptions are well justified for native defects at semiconductor surfaces. Although the energies of 
these defects may not be necessary the same as those of the bulk defects, they retain most of the 
characteristic features, especially large lattice relaxation, of the analogous bulk defects [12, 14, 15]. 

Let us now consider how carriers recombine via a deep defect strongly coupled to the lattice. A 
simple, but incorrect notion, is that the effective barrier height for capture is the sum of the capture 
barriers for electrons and holes. Suppose that the defect is initially empty, hence the first carrier 
captured is an electron. As is shown in Fig. 1 after the capture over the barrier EB the vibronic 
coordinate changes from Q1 to QB. Remembering that for a quantum oscillator the maximum 
probability is the same for both turning points, i.e., on both sides of the CC parabola, a capture of a. 
hole at OB· occurs. before the filled defect reaches its equilibrium at Q2. Therefore, if only the 
energy of the crossing point at QB' is below the energy of the electron captured at OB the hole is 
captured athermally without any barrier. The same argument applies when the hole is being 
captured first. . 
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A simple consideration of the parameters of the CC diagram shown in Fig. 1 leads to the following 
criterion for a defect to be an effective recombination center, 

Eg12 - Ereiax < Etrap < Eg/2 + Erelax, (5) 

where Eg is the energy gap, Etrap is the thermal ionization energy and Erelax is the relaxation energy 
which is the difference between optical and thermal ionization energies of the defect 

The relaxation energy, Erelax represents a gain in the 
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Fig. 1 Schematic configurational 
coordinate (CC) diagram for a highly 
localized defect strongly coupled to the 
semiconductor crystal lattice. 

total energy of the vibrating defect moving from the 
equilibrium position Q1 to the position Q2. For most 
deep native defects this energy is a large fraction of an 
electronvolt and it is increasing with the ionicity of the 
material. Consequently, if the levels of the surface 
defects are close to middle of the gap and are strongly 
coupled to the lattice they are likely to be fast 
recombination centers. In such a case a trapping barrier 
occurs only for the first carrier (electron or hole) 
whereas the captur~ of the second carrier (hole or 
electron) is athermal. The position of the Fermi level at 
the surface dictates which carrier will be captured first. 

This simple quantum analysis of the capture process 
provides not only an intuitive argument about the 
fastest recombination through mid-gap levels, but also 
offers a microscopic explanation of the role of local 
vibrations in the recombination process. Similar 
arguments lead Bartram and Stoneham to formulate a 
general criterion of the intra-defect luminescence in 
defects strongly coupled to the lattice in ionic crystals 
[16]. Finally, it is worth pointing out that the 
discrepancies between spectroscopic measurements of 
the surface states distribution [17] and most of 
electrical measurements have obvious explanations in 
terms of the defect-lattice coupling for which the 
thermal ionization energy is always smaller than the 
optical ionization energy. 

Surface states and the dangling bonds: Second criterion 

The first criterion relates the location of the defect energy level to its properties as a recombination 
center. Unfortunately, in most cases the identity and thus also the positions of the energy levels 
associated with a specific recombination center are not known making it difficult to deduce the 
surface recombination velocities for different materials. To address this issue we devise the second 
criterion which utilizes recently discovered general properties of the highly localized native defects 
in semiconductors. ! 

The criterion originates from the observation that the location of a charge transition state associated 
with a broken bonds on the surface is uniquely determined by a universal energy reference known as 
a neutrality level or Fermi level stabilization energy [6"'9, 12] This energy reference has been used to 
predict the heterojunction band offsets [6, 7, 10], Schottky barrier heights [6, 8, 12] and the Fermi 
level stabilization in heavily damaged semiconductors [8, 11]. The position of the Fermi level 

,.J stabilization energy, E FS for different III-v· semiconductors is shown in Fig. 2. 
Assuming that the defect states responsible for the surface recombination are of a broken bond 

character, we can ~se the location of Eps or the average dangling bond energy relative to the band 
edges to qualitatively predict the chemical trends in the surface recombination velocity. 

According to the first criterion a slow surface recombination is expected in semiconductors with 
Eps close to the band edges. However if it is located near midgap, then a much faster surface 
recombination is predicted. This procedure can use the Eps computed as a neutrality level [6, 10, 12, 
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15] determined from the position of the Fermi level in heavily irradiated semiconductors [8-11] or 
from the Schottky barrier heights [6-8, 12, 18, 19]. 

.. ..... .. ... .. . . .. .. A more detailed thermodynamic analysis of the capture 
· -:.,. ' ::::' ·· }i.:--': and carrier release is possible if the amphoteric defect 

···\ concept [8-11] is used. The key finding of the model is 

4.0 

that a fmal position of the Fermi level at large enough 
defect concentrations is always the same for a given 
compound and the differences between the' compounds 

~ are the same as that between the neutrality levels 
i... (average dangling bonds). A self-regulative mechanism 

s.o .., built in the formation of the amphoteric native defects 
~ [8] leads to a stabilization of the Fermi level at the 

intrinsic surface in the same way as in the case of 
highly damaged bulk material. In both cases these 
defects self-control the Fermi level position. 

Fig. 2 Position of the Fermi level 
stabilization energy in different III-V 
semiconductors determined from the 
Schottky barrier heights ( o ) and from 
the position of the Fermi level in 
materials heavily damaged with high 

From the location of Eps shown in Fig. 2 it is obvious 
why so much effort is needed to passivate a GaAs 
surface to lower the surface recombination rate and why 
the problem is much less severe for InP, InAs or GaSh. 
In fact the ratio of the surface recombination velocities 
between GaAs and InP is more than three orders of 
magnitude [13,20] and it was Nolte [13] who first 
correctly pointed out the decisive role of the position of 
the dangling bond energy in these two compounds to 
explain the large difference. The same argument applies 
for Si and Ge. In Si the neutrality level is much closer 
to the mid-gap position, while in Ge, where very low 
surface recombination velocities are observed it is just 
above the valence band maximum. 

energy particles ( • ). 

Since the recombination processes are of critical importance for optoelectronic devices it is worth 
inspecting how the outlined concepts apply to the wide gap materials that could be used for shon 
wavelength light emitters. As is shown in Fig. 2 in GaN and especially in InN Eps is predicted to be 
located in the upper half of the band gap. This indicates that the localized, dangling bond defects on 
surfaces or at internal interfaces are not very efficient recombination centers in these materials. 
Indeed, it has been reponed recently that very efficient light emitting diodes were made with GaN 
containing extremely high densities of extended defects [21]. 

Among II-VI compounds the average dangling bond energy is very close to the conduction band 
edges in CdS and CdSe. Both materials are very efficient light emitters. They are widely used as 
nanocrystals with large quantum efficiencies {22]. On the other hand CdTe has its Eps close the 
midgap energy and consequently fast surface recombination velocities are expected in this 
marerial. ' 

Despite a success in predicting the trends in the surface recombination velocities in various 
materials a caution has to be exercised when applying this concept to very wide-gap, ionic 
semiconductors. In such materials there is a large ionicity difference between the two component 
elements and thus also a large difference in the formation energies of the defects located on two 
different sublattices and the concept of the common energy reference is not uniquely defmed. 

I 

Conclusions 

We propose a simple and intuitive explanation of the large differences in the surface recombination 
velocities observed in different semiconductors. The explanation stems from a recent observation of 
the correlation of t;he bulk and interface properties of semiconductors with the position of the 
average dangling bOnd or Fermi level stabilization energy in semiconductors. It becomes more 
evident now that most native defects that govern the properties of an untreated surface are localized 
and strongly coupled to the lattice. Such defect may be strong nonradiative recombination channels 
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if they lie within the energy region centered at middle of the gap within relaxation energy of the 
defect undergoing ionization neutralization. 
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