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 OFF- STATE HCI DEGRADATION 15.

15.1 Review/Background:  

 

In the past few lectures, we have discussed the important reliability issues 

regarding HCI (Hot Carrier Injection). The focus has been on logic MOSFETs which are 

characterized by low voltage operation. This lecture deals with reliability of high voltage 

transistors (for instance, I/O (input/output) transistors or MOSFETs used in power 

amplifiers). Off-state HCI in high voltage transistors involves understanding of basic 

concepts associated with HCI discussed earlier. In this section, we shall review some 

features of HCI to lay the required groundwork for the concepts discussed later in this 

lecture.  

Let us start with HCI in logic transistors. Recall, due to low voltage operation, 

HCI in logic transistors occurs when �� (gate voltage) is approximately half the drain 

voltage (��/2). This bias condition occurs when NMOS is pulling down the output 

voltage of a CMOS logic gate. Figure. 15.1 shows a CMOS inverter, its input and 

output voltages and current through NMOS.  It can be observed that maximum current 

occurs at approximately	�� 	~	��/2, which is when hot carrier degradation (ON state 

HCI) dominates. However, as we shall discuss later, for high voltage operation in I/O 

transistors or MOSFETs used in power amplifiers other physical mechanisms to cause 

HCI in the OFF state.   
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A couple of important features of ON state HCI are universality and absence of 

recovery of the traps when the stress is removed. The former property allows one to 

appropriately shift the threshold voltage (��	) (or other matrices of degradation like 

charge pumping current) versus time curves obtained at different stress voltages to form a 

single universal curve describing the HCI degradation over time. We will discuss the 

properties of OFF state HCI in this lecture from these perspectives and compare them to 

those of ON state HCI.  

15.2 When to consider off-state HCI  

Depending on the application, the operating voltage of a transistor can vary from 

10s to 1000s of volts (see Figure. 15.2(a)). At such high operating voltages [15.1], HCI 

can occur even when the transistors are turned off.  

 

 

 

 

 

 

 

 

 

Figure. 15.1. (a) CMOS inverter (b) input and output voltage waveforms 

during low to high transition of the output, showing different reliability 

phenomena for low voltage logic transistors (c) NMOS current versus time 

showing current peak occurs when VG~VD/2. 

Figure. 15.2. (a) Operating voltage range of transistor in different 

applications. (b) LDMOS and (c) DeMOS structures. 
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Transistors used for high voltage operation require special design techniques to 

withstand high electric fields. One such technique to mitigate the increase in electric field 

is to fabricate a lightly doped region in the vicinity of the drain. This achieves reduction 

in the electric field on the drain side by increasing the corresponding depletion width. 

Two examples of structures which use this technique are Lateral Double Diffused 

MOSFETs (LDMOS) [15.4] and Drain Extended MOSFETs (DeMOS. The discussion in 

the lecture will focus on these two devices, although the discussion may be extended to 

other kinds of high voltage transistors with similar structures. The device structures of 

LD NMOS and De NMOS are shown in Figure. 15.2(b, c). An n- region can be 

observed near the n+ drain region in both the structures. An important difference in the 

two structures is the field poly (poly extended over the shallow trench isolation (STI)) in 

LDMOS. Field poly is used in LDMOS to achieve superior gate control of the channel 

and performance enhancement by creating an inversion layer under STI through the gate 

voltage.  

Due to the high voltage operation and difference in the device structure 

(compared to low voltage logic MOSFETs), device operation and hence, reliability issues 

in LDMOS and DeMOS require a separate analysis and understanding. High drain bias in 

these devices results in HCI even when the carrier density in the channel is small i.e., in 

the OFF state. (Note that logic transistors operating in low voltages do not exhibit HCI in 

the OFF state). This also causes correlated dielectric breakdown on the drain side. In this 

lecture, we will analyze OFF state HCI in LDMOS and DeMOS in detail, understand the 

physical mechanisms governing these two reliability problems, and compare their 

features with ON state HCI. 

 

Voltage accelerated testing of logic transistors involve applying high biases—

essentially recreating the scenario of a high voltage application. Thus the off state HCI 

mechanisms will degrade the transistor while testing, and the lifetime and performance 

predictions of the devices would be completely wrong without proper corrections.  

 

15.3 Origin of off-state HCI  

Figure. 15.3 shows the band diagrams of an n-MOSFET for different gate 

biases (VG = 0, VD/2 and VD) at VD=VDD. Recall from previous lectures, HCI 
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dominates when VG~VD/2 for low voltage MOSFETs. This is because at VG~0, the 

carrier density is small; hence, sufficient number of carriers are not present to cause 

impact ionization. At VG~ VD=VDD, the electric field on the drain side is small, 

resulting in suppression of impact ionization. Only at VG~VD/2, when both the carrier 

density and drain electric field are large, HCI is significant.  

 

 

 

However, for high voltage transistors, HCI can be large at ��~0, �� � ��� as 

well. This can be understood as follows. High drain voltage results in large band bending 

near the drain side—allowing electrons to tunnel through from the valence to the 

conduction band (see blue line in the schematic of Figure. 15.3(a)). The electrons can 

then impact ionize in the high electric field contributing to HCI even in OFF state.  

 

Figure. 15.4(a) shows the 2-d electric field profile for a high voltage n-

MOSFET. It can be observed that the maximum electric field is at the interface of Si-

SiO2 interface just outside the gate edge. High electric field results in band to band 

tunneling (BTBT) of electrons (Figure. 15.4(b)). The electrons that tunnel from the 

channel to the drain have high energy (hot electrons), again due to high drain bias. These 

electrons cause impact ionization and hot carrier generation and injection in the device. 

Figure. 15.4(c) shows the spatial distribution of electron and hole energies, validating 

that the high energy carriers (energy > 4.7 eV for holes and > 3.1eV for electrons) are 

generated on the interface of Si-SiO2 outside the gate edge.  Note that, peak hole-density 

Figure. 15.3. Band diagrams of NMOS for (a) �� � 0, �� � ���, (b) �� � ��/
2, �� � ��� (c) �� � ��, �� � ���. The tunneling current (blue line in (a)) can 

exist at �� � 0 when �� is high. 
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is closer to the gate edge than electron density because the electric field moves the holes 

towards and electrons away from the gate edge. Thus, OFF state HCI is possible at high 

drain biases due to BTBT and subsequent impact ionization of carriers. It may be noted 

that even in low voltage logic transistors, OFF state HCI can occur as a parasitic 

degradation during accelerated tests when the transistors are subjected to high voltages. 

However, for high voltage transistors, this phenomenon is observed even during regular 

operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Let us, now, discuss how we can prove that the band-to-band-tunneling current 

is the major drain current component of high voltage transistors in the OFF state. 

Consider a DeNMOS with gate, source and body biased at zero volts and the drain 

voltage swept from 0 to 7V (4 Terminal or 4T - Figure. 15.5(a)). There are three 

components of the drain leakage current (�) at this bias condition: (a) sub-threshold 

leakage current from drain to source (b) BTBT current on the drain side and (c) reverse 

bias P-N junction current from drain to body. � versus drain voltage plot is shown in 

Figure. 15.5 (e). Now let us disconnect the bias at the source terminal and leave it 

floating (3Terminal or 3T – Figure. 15.5 (b)). This eliminates the sub-threshold leakage 

Figure. 15.4 (a) 2d electric field profile showing peak electric field at the Si-

SiO2 interface and outside the gate edge (b) conduction band (CB) and valence band 

(VB) on the drain side showing BTBT and impact ionization occurs where the 

electric field peaks (c) hot hole and electron concentrations showing maximum hot 

hole and electron density is outside the gate edge at the Si-SiO2 interface.  
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component of the current. The corresponding � � �� plot is shown in Figure. 15.5(e). 

It can be observed that the difference between 4T and 3T leakage currents is negligible; 

suggesting that the contribution of sub-threshold leakage component towards the total 

drain leakage current is insignificant.  Now, gate bias is changed to -1.8 V and the drain 

voltage is swept from 0 to 5.2V, keeping the body at zero volts and the source terminal 

floating (3 Terminal + Voltage splitting or 3T+VS- Figure. 15.5(c)). Note, drain-to-gate 

voltage ranges from 1.8 to 7 V i.e. same as before in the range of interest (4 to 7V). 

However, drain-to-body voltage range is decreased (0 to 5.2 V). This result in similar 

BTBT current, but the reverse bias PN junction current decreases. Figure. 15.5(e) shows 

the corresponding � � �� curve.  Small difference in the curves shows that reverse bias 

PN junction current is not the dominating component of the total drain leakage. Finally, 

the gate and source terminals are left floating, the body is tied to zero volts and drain 

voltage is swept from 0 to 7V (2 Terminal or 2T – Figure. 15.5(d)). The only 

component of drain leakage current at these bias conditions is the reverse bias PN 

junction current i.e., BTBT current is suppressed. The corresponding � � �� plot in 

Figure. 15.5(e) shows a large difference compared to the plots for 4T, 3T and 3T+VS. 

Thus, it can be concluded that surface BTBT current is the dominant current component 

and thus OFF state HCI can be a significant phenomenon for high voltage transistors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 15.5. Components of leakage currents for (a) 4T (b) 3T (c) 3T+VS 

and (d) 2T, (e) drain leakage current versus drain voltage for (a-d). 
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15.4 Features of off-state HCI: SiH vs. SiO bond breaking   

Figure. 15.6(a) shows the charge pump current versus time for OFF state HCI, 

showing the temporal behavior of trap generation. Time exponents similar to ON state 

HCI (discussed in previous lectures) for different temperatures and stress voltages can be 

observed.  Note, the time exponents are higher than those for NBTI (negative bias 

temperature instability – time exponent = 1/6). Figure. 15.6(b) shows the charge 

pumping current (���) versus time for LDMOS. It can be observed from the figure that 

no recovery of interface traps occurs during the relaxation phase. Both these 

observations, viz. time exponents higher than 1/6 and absence of recovery of traps during 

relaxation suggest that most of the bonds broken during OFF state HCI are Si-O bonds. 

Figure. 15.6(c) shows the electron-hole concentrations. The interface trap density 

(����) is found to be proportional to hole concentrations—indicating that the defect 

formations are mainly due to Si-O bond dissociation (see Figure. 15.6(d)). Also, note, 

the electron and hole density and therefore, interface trap density is larger for higher 

drain voltage because of increased band-to-band-tunneling. 

 

 

 

 

Figure. 15.6. (a) Temporal behavior of charge pumping current showing 

OFF state HCI degradation with time exponents similar to ON state HCI but larger 

than that for NBTI (b) Change in charge pumping current during stress and 

relaxation phases for LDMOS. No recovery of interface traps is observed. (c) 

Profile of electron and hole concentrations along the channel (d) Defect 

generation is proportional to hole concentrations indicating there are primarily 

Si-O bond dissociation. 
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15.5 Universal scaling law  

Both Si-H and Si-O bond dissociation show universal scaling relationships. 

However the scaling are not the same for the two mechanisms:  

�����	 � ������ , ������� �
�

�  ! ≡ #  
 ���� , ���$

! � %��	 #  
 ���� , ���$	 15.1 

�����& � '(�)�*1 , -./0�12,13�456)
7

≡ %��& #  
 ���� , ���$	 15.2  

We should be careful while applying the universal scaling law [15.3] to predict 

the lifetime. If various mechanisms exist (e.g., Si-H and Si-O bond breaking), the 

different mechanisms should be decoupled before applying their corresponding scaling 

laws. The individual universal curves then can be added or coupled together to obtain the 

final universal curve for the correct lifetime predictions. Of course, the decoupling is not 

required if a single mechanism dominates the degradation process. For a theory of 

dimensional analysis and the origin of scaling variables, see Chapter 34 (Buckingham 

theory and Design of experiments).  

 

Figure. 15.7(a) shows the charge pumping current versus time for different 

stress voltages and the shift in the curves to obtain a single universal curve. 

Figure. 15.7(b) shows the similar curve of change in ON resistance (�8&9) for 

LDMOS. Both these figures illustrate that ON state HCI degradation is universal.  

 

 

Figure. 15.7. ON state HCI at accelerated voltage testing and universal 

scaling for (a) DeMOS, (b) LDMOS.  
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Figure. 15.8 illustrates the universality of OFF state HCI for logic transistors. 

Logic transistors also show ��:� and ��	 degradation in addition to CP and �;�9 

degradation, and all these parameters shows universal scaling (see Figure. 15.8(c)). The 

universal scaling of ON and OFF state HCI holds true also for all the transistor 

technologies.  

 

 

 

15.6 Conclusion:  

In this lecture, we have discussed OFF state HCI degradation which is general 

phenomena in a wide variety of high voltage transistors, such as LDMOS and DeMOS. 

The OFF state HCI is caused due to BTBT of carriers and subsequent impact ionization 

because of high voltage operation. The degradation follows the same universal 

relationship as was observed for ON state HCI. Further, absence of recovery of 

degradation during the relaxation phase indicates that Si-O bonds are broken during OFF 

state HCI, as in the ON state HCI. However, in accelerated voltage testing, both Si-H and 

Si-O bond dissociation may exist. In such cases, the contributions from the two 

mechanisms need to be decoupled before applying the universal scaling method.  

 

 

 

Figure. 15.8. OFF state HCI degradation in logic transistors. Universal scaling 

of (a) Δ�� and (b) Δ��:� are shown. (c) The universal scaling for various degradation 

parameters are shown.   
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