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19. SPIN-DEPENDENT RECOMBINATION AND 

ELECTIRCALLY DETECTED MAGNETIC RESONANCE 

19.1 Review/Background: 

In this chapter, we will discuss a sophisticated technique to characterize the 

defects in a material. The spin-dependent recombination (SDR) is a slow method 

compared to many of the techniques learned in Chapters 17 and 18, but will give lot of 

information about the types of defects present. This information is necessary for deciding 

the exact process conditions to minimize the presence of defects and thus maximize yield 

[1]. This method is based on electrically sensing the change in trap assisted 

recombination rate in the presence of an external magnetic field. In chapter 6, we studied 

the electron spin resonance (ESR) technique which is used to identify the different defect 

types such as, Pb, E’ centers present in a material. However, the ESR technique cannot 

provide any information on whether the defect can act as a recombination center within 

the band-gap of the material. Hence, SDR is used along with ESR to detect the 

electrically relevant defects. Before we discuss the SDR process, it is advisable to revisit 

the ESR technique discussed in chapter 6 to review the concepts of spin orbit coupling 

and paramagnetic resonance in defects, which forms the basis for identification of 

different types of defects in materials. 

19.2 Basics of Spin Dependent Recombination (SDR) Measurement 

In the chapters 17 and 18, we discussed various charge-based and flux-based 

defect characterization techniques. In this chapter, we will focus on a defect 

characterization technique which involves the spin of an electron. Consider the 

recombination process at a Pb0 center in the Si-SiO2 interface shown in Fig. 19.1. Under 

the influence of the external magnetic field the unpaired electron in the Pb0 center orients 

its spin in a particular direction (up (↑) in this case). Under these conditions, only the 



76                        

76 

 

electrons with spin down (↓) can be trapped into this Pb0 center and thus participate in the 

recombination process. Hence, with the help of the external magnetic field we can control 

the orientation of unpaired electron and consequently the spin dependent recombination 

in the defects. 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental setup for SDR is similar to ESR experimental setup. A variable DC B-

field is applied along with an AC microwave signal at 9.4 GHz. However, unlike in the 

ESR experiment, in SDR, light is shined on the sample and the electrical characteristics 

are measured [2] as shown in Fig. 19.2. 
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Fig. 19.1 (Left) Pb0 center containing an unpaired electron at the Si-SiO2 interface 
is shown. (Right) In the energy band diagram, only the electron with spin opposite 
to that of the unpaired electron in the Pb0 center can participate in recombination 
process. 

Fig. 19.2 (Left) The measurement setup used for SDR is shown. (Right) The 
experimental plot of the relative change in the channel resistance as a function of 
DC magnetic field is shown. At the peak resistance, the traps are in resonance with 
the magnetic field [2]. 
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Appling the electron-hole continuity equation to estimate the number of carriers 

generated due to illumination under the presence of the magnetic field we can write 

��∆��

��
= 
 −

∆�

���
= 0 

��� = �������
�� 

19.1 

Note that the Shockley- Read-Hall (SRH) recombination lifetime,	��� is 

dependent on the applied magnetic field (B). Under steady state, we can write 
Chapter 19 ∆��� = 
 × ��� 

∆� = � − �� = �∆����	=	�
� × 	��� 
19.2 

By measuring the total current before (��) and during resonance (�) due to the applied the 

B-field we can estimate the number of electrically relevant defects from	���. During 

resonance, recombination lifetime increases dramatically causing the net current to 

increase that is reflected in the measured resistance versus magnetic field plot shown in 

Fig. 19.2. The magnetic field dependence of SRH lifetime is explored further in the next 

section. 

19.3 B-Field dependence of SRH lifetime: Singlet vs. Triplet States 

The actual process of SRH recombination process is much more complicated 

than presented in basic semiconductor courses. In this section, the dynamics of SRH 

recombination process is explained in the presence of a magnetic field [1], [3]. On 

absorbing a photon of energy	ℎ�, an electron jumps to the conduction band. Then, the 

recombination process is initiated by the capture of an electron of opposite spin to that of 

the unpaired electron in the Pb center. Following this step, the pair of electrons undergo a 

series of transitions into several states known as the singlet and triplet states. Finally, a 

hole is captured to complete the recombination process. Before we discuss the 

recombination process in depth, let us first understand the spin configuration in the 

singlet and triplet states. 

In a singlet state, the two electrons have the spin vectors pointing in 

diametrically opposite directions as shown in Fig. 19.3 contributing to net spin equal to 

zero. Further, in a singlet state the z-component (��� of the vector is also zero. Depending 
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on the energy associated with the state, the singlet state can be in ground state (S0) or 

excited state (S1). 

In the triplet states the electrons are no longer diametrically opposite and hence 

the net spin is equal to one. Further, depending on the orientation of the spins with 

respect to the z-axis, there are three possible configurations called ��
 �, ��

�, ��
�� triplet 

states as shown in Fig. 19.3. The z-component of the spin vector (��� is +1 or 0 or -1 for 

the triplet states ��
 �, ��

�, ��
�� respectively. These triplet states have same energy in the 

absence of a magnetic field. However, in the presence of a magnetic field they split into 

non-degenerate states with unequal energy differences between one another. The 

selection rule allows transition with	"��	 = ±1. Hence, ��
 � couples to	��

�, and ��
� 

couples to both ��
 �	and	��

��, but ��
 �  does not couple to	��

��. In the presence of the 

magnetic field, the splitting between  ��
 � and ��

� states is different from	��
�� and ��

�. The 

field couples only to one group of ��
 � and ��

� or 	��
��	and ��

� states, depending on the 

strength of the magnetic field. 

 

 

 

 

 

 

 

 

 

 

 

 

The first step in the recombination process is the capture of electron into a S0 

state and then the system moves into the excited state S1 by gaining energy released 

during the earlier capture stage. From this state S1, the system can relax back to the S0 

state or enter the ��
� triplet state ("��	 = 0� through intersystem coupling. Once in the ��

� 

triplet state, the system is coupled to either ��
 � and ��

� or 	��
�� and ��

� states depending 

on the strength of the magnetic field as explained earlier. Once in the triplet states, the 

system takes long time to relax before eventually dropping down to S0 state. This 

inability to relax to S0 state is responsible for the increase in B-field dependent 

�1
+1

 �1
0,	 �0

−1
 S0 S1 

Fig. 19.3 The vector model illustrating (left) the singlet states S0 and S1 (right) the 
triplet states ��

 �, ��
�, ��

�� respectively. 



79                        

79 

 

recombination lifetime (���). Eventually, on relaxing into the S0 state the system can 

capture a hole to complete the recombination process. The entire process of state 

transitions is summarized in the Fig. 19.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

19.4 Derivation of carrier density in the presence of magnetic field 

Based on the magnetic field dependent SRH recombination theory let us now 

derive the total carrier density in the conduction band as a function of the external B-field 

[1]. The rate of change in carrier density can be written as 

���&�

��
= 
 − ��&�'( − )�& 19.3 

where the first term is the carrier generation rate due to the incident light, the 

second term is the trap assisted recombination rate and the third term is the direct 

Energy Band 

View 

ISC= S1 to T0 

intersystem coupling 

 

Fig. 19.4 The sequence of state transitions from S0 to S1 to ��
�	 and coupling with ��

 �	and 
��
�	 and final relaxation to S0 state during a defect assisted recombination process is 

summarized in a (left) potential landscape view and (right) energy band diagram view. 
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recombination rate. When an external magnetic field is applied, out of all the carriers that 

recombine, a third of them jump from the S1 state to each of ��
 �, ��

�	and	��
�� states with 

densities represented as � , ��	and	�� respectively. Assuming that the external magnetic 

field couples only to the	��
 �	and	��

�, we can write the rate equations for each of these 

transitions as follows 

��� �

��
=
��&�'(
3

− � ) − �� − ���. − �� − ��� 

�����

��
=
��&�'(
3

− ��)� − ��
� − � �. − ��� − ���. − ��� − � � 

�����
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3
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19.4 

 

The ) represents the direct recombination rate, W is the spontaneous emission 

rate from ��
 �	and	��

� and ��
��	and	��

�states while the last term in all the above equations 

is the coupling term for stimulation emission when ��
 �	and	��

� are in resonance with the 

magnetic field (B). Under steady state, we can set the system of equations in eq. 19.4 as 

��� �

��
=
�����

��
=
�����

��
= 0 19.5 

The number of carriers trapped in the S0 states is equal to total number of 

carriers in the ��
 �, ��

�	and	��
�� is given by 

�� = �
� + � + �� =

��&�'(
3

/�� 

/��

=
�) +.��2)� + ) + 8.� + �)� + 5) + 9.�
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              19.6 

 

Hence, we can now estimate the total carrier density by solving for �& in eq. 

19.7 for a given value for carrier generation rate	
. 
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Note that, the evaluated carrier density ��&� will be dependent on the applied 

magnetic field. 

19.5 Electrically Detected Magnetic Resonance 

The spin resonance discussed in the earlier sections can be used to electrically 

detect the response of a Pb center [3], [4] in a MOSFET [5], [6]. It is explained with the 

help of Fig. 19.5 where a paramagnetic trap with single electron can be detected using 

spin resonance. In the absence of the external magnetic field a single electron can be 

trapped into a Pb center when the substrate Fermi level (EF) is close to the trap level. This 

singly occupied state can release the electron back to the channel creating a traditional 

noise spectrum. However, when an external magnetic field is applied, the trap levels 

splits into two levels with energy above and below the EF when in resonance with the 

external magnetic field. An electron once captured into the lower level is emitted to the 

coupled trap level above the EF. This facilitates another electron to be captured into the 

lower level creating a doubly occupied trap level which changes the channel conductance 

more than a singly occupied case. Further, the trap level with energy higher than EF will 

now have higher emission rate back into the channel. This magnetic field induced change 

in emission rate can also significantly change the noise spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

Singly occupied Doubly Occupied 

Fig. 19.5 (Left) The schematic of a MOSFET with a single paramagnetic trap. (Right) The 
energy band diagram at the dielectric-channel interface illustrating the capture-emission 
process for a singly occupied trap level in the absence of magnetic field and doubly 
occupied trap level when coupled to the external magnetic field is shown [6]. 
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The drain current of the MOSFET is measured as a function of time is plotted in Fig. 

19.6. The random telegraph noise due to a single Pb center, discussed in chapter 7, can be 

observed in this data. The data is cleaned using a special algorithm and normalized. The 

statistical distribution of the cleaned data is plotted. It can be observed that for a singly 

occupied trap, the channel conductance is higher and hence the higher drain current. This 

experiment [6] clearly illustrates the usefulness of SDR technique to detect a single Pb 

center in modern MOSFETs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

19.6 Conclusions 

 We have seen that SDR can be used to detect the defect type and the number of 

electrically relevant defects. We have briefly looked at the conductivity measurement 

setup in the presence of external magnetic field used in the SDR technique. We derived 

the key result of the dependence of the carrier density on the applied magnetic field. The 

theory of SRH recombination via singlet to triplet state transitions in the presence of 

magnetic field is explained. Finally, we discussed a recent experiment where the 

magnetic resonance is detected electrically to identify a single Pb centers at the dielectric-

Fig. 19.6 (Left, above) The measured drain current as a function of time indicating 
trapping de-trapping of defect. (Left, below) the cleaned and normalized change in the 
drain current shows the different trapping time constants associated with singly or doubly 
occupied traps. (Right) The spatial distribution of the change in drain current obtained 
from sampling the cleaned data indicating the response of traps under the influence of 
magnetic field. 
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substrate interface. SDR is generally used along with ESR as a powerful tool to 

characterize defects in material. However, the complexity of the setup is a key challenge 

and hence cannot be used for routine characterization. 
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